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Preface

Day by day, the burden of humanity is increasing on the earth. As the earth is a finite source,
we are reaching the limits of growth due to planetary boundaries. In the name of growth and
economic output, humanity is exploiting the earth’s resources. Our natural equilibria have
a limit to which they can store carbon-based emissions. Also, the consumption of earth’s
resources at an alarming rate is causing difficulty in timely replenishments. These are a few
unresolved challenges of these times. Even though the idea of sustainable development is
quite popular and has received attention from the government and industrialists, the chal-
lenges and costs to achieve sustainability are enormous. Therefore, this book presents a
group of efforts exemplifying the adaptation of sustainable materials and manufacturing
technologies to reduce detrimental environmental impact.

Sustainable materials and manufacturing technologies are the need of today’s world. The
chapter in this book is categorized into two broad parts: (I) Sustainable manufacturing tech-
nologies and (II) Sustainable materials and processing. Part I includes the work of numerous
researchers as a review, analytical modeling, and experimental work. Chapter 1 discusses an
industry-supported study on cryogenic assisted drilling of difficult-to-cut material, specifi-
cally titanium alloy. Chapter 2 deals with the analytical modeling of machining economics
and energy usage under a cryo-MQL environment during the machining of titanium alloy.
Chapter 3 discusses an optimization-based case study of drilling laminated nanocomposites
for sustainability. Chapter 4 analyzes a computation fluid dynamic model of MQL mist drop-
let characteristics for selecting a proper geometrical nozzle orifice and MQL nozzle. Chap-
ter 5 discusses advancements in metalworking fluid for sustainable manufacturing. Chapter
6 covers laser micro-texturing of silicon for reduced reflectivity. Chapter 7 discusses the
advancement in Al and ML-based techniques to improve energy efficiency in the legacy
machine tool. Chapter 8 explores the challenges in achieving sustainability during manu-
facturing and also suggests various ways to achieve sustainability in industries. Chapter 9
discusses the future trends for sustainability in manufacturing.

Part IT of this book discusses sustainable materials and processing. Chapter 10 discusses
the role of materials and manufacturing processes in sustainability. Chapter 11 explores the
use of additives and nanomaterials for the sustainable production of biofuels. Chapter 12
discusses the modification of stainless steel 316 with the assistance of a high velocity oxy
fuel (HVOF) process to upsurge its sustainability. Chapter 13 covers the effects of HVOF-
sprayed TiC+25%CuNi-Cr coatings on the sustainability and cavitation erosion resistance
of stainless steel 316. Chapter 14 deals with acid and alkali-treated hierarchical silicoalumi-
nophosphate molecular sieves for sustainable industrial applications. Chapter 15 discusses
a case study on recycling waste carpets into a sustainable composite. Chapter 16 lists the
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current status and explores the idea of using waste plastic for additive manufacturing to
fabricate components.

This book will work as a reference book for researchers, practicing materials scientists,
and manufacturing engineers and managers. This book can also be used as a textbook for
the postgraduate courses and as an elective course book at undergraduate level. Sustainable
materials and manufacturing technologies provide a foundational link to more specialized
research work in the domain of sustainable manufacturing.
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Introduction

Earth is a finite source. It is a well-known fact. The burden of humanity on earth is increas-
ing day by day, and it seems that we would be reaching the limits of growth due to planetary
boundaries. Since the 19th century, humanity has been exploiting earth’s resources in the
name of growth and economic output. Our natural equilibria have a limit to which they can
store carbon-based emissions. Also, the consumption of earth resources at an alarming rate is
causing difficulty in timely replenishments. These are a few unresolved challenges of these
times.

Even though the idea of sustainable development is quite popular and has received atten-
tion from the government and industrialists, the challenges and costs to achieve sustain-
ability are enormous. Sustainability is based on three pillars — environment, economy, and
society. As materials and manufacturing are the major sources of a country’s growth, both
industries and the government play an important role in sustainability. Sustainable materials
and manufacturing techniques are a part of green manufacturing, which will help industries
and researchers to increase efforts in the right direction to reduce the detrimental impacts of
conventional/traditional techniques.

Sustainability can be achieved by implementing the 6R concept in most of the catego-
ries. 6R implies reduce, reuse, recover, redesign, remanufacture, and recycle. Processes and
techniques can be improved by reducing energy consumption, reusing resources, recovering
losses, redesigning processes, and improving efficiencies, as well as remanufacturing and
recycling as much as possible for sustainable growth.

To introduce these multidimensional sustainable materials and manufacturing techniques
in the industries as well as in the curriculum of future generation researchers and engineers is
the ambition behind this book. This goal can be balanced by developing adequate economic,
environmental, and social criteria, with analysis of their independencies and application of
that analysis for guiding technological innovation in respective economic, environmental,
and societal frameworks.

This book will provide a lucid way for readers to understand the processing of sustainable
materials and manufacturing technologies. The book comprises 16 chapters divided into two
parts. The chapters in Part I discuss the challenges faced by industries for sustainable drilling
as well as machining under various lubrication for the machining of difficult-to-cut material.
This book also covers topics such as optimization study, computation fluid dynamic analy-
sis for various geometrical nozzle orifice, sustainable metalworking fluids, laser texturing
of silicon, and artificial intelligence (AI) and machine learning (ML) based techniques to
improve energy efficiency in the legacy machine tool. This book explores challenges in
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achieving sustainability during manufacturing as well as future trends for sustainability in
manufacturing.

Part IT further focuses on sustainable materials and processing and discusses topics such
as the role of materials and manufacturing process in sustainability, the use of additives
and nanomaterials for sustainable production of biofuels, and modification of stainless steel
using high velocity oxy fuel (HVOF) process to upsurge its sustainability. This book also
covers acid- and alkali-treated hierarchical silicoaluminophosphate molecular sieves for sus-
tainable industrial applications, recycling waste carpets into a sustainable composite, and the
idea of using waste plastic for additive manufacturing to fabricate components.

This book addresses the challenges and solutions for sustainable materials and manufac-
turing processes. It discusses prevailing trends and suggests research findings for industries
to move towards sustainable development by improving economic and social perspectives
as well as reducing detrimental effects on the environment. Overall, the aim of this book
is to catalog the latest achievements in the modern processing of sustainable materials and
manufacturing technologies that can be helpful for future generations.
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I.1 Introduction

Titanium is known for its mechanical properties, fracture resistance, good strength-to-weight ratio,
and excellent corrosion resistance (Jamil et al. 2020). Titanium alloys have numerous applications
in the aerospace, defense, automotive, and biomedical industries to replace steel and other metals
to save space and to increase the efficiency of the system. Ti-6A1-4V is a widely utilized titanium
alloy comprising an a+f microstructure. This alloy is used in the medical field, such as in dental
implants, bone fracture fixation, cardiovascular implants, hip implants, knee implants, etc. (Bru-
nette 2001). It possesses good fabricability and high-temperature strength (Pederson 2002).

Even though Ti alloys are demandable and desirable, the fabrication and machinability of these
alloys have been very difficult due to low elastic modulus, propensity to strain hardening, low
thermal conductivity, and high chemical reactivity (Liu and Shin 2019). Titanium alloys are con-
sidered to be one of the hard-to-machine materials (Machado 1990; Siju et al. 2021). These factors
lead to rapid tool wear and low surface integrity (Khanna et al. 2017), thus making titanium a dif-
ficult-to-cut material by traditional machining techniques (Rahman et al. 2021, Yuan et al. 2021).

Though many experiments of improving the traditional machining techniques, such as
milling and turning, of titanium alloys have been conducted, very little attention is given
to drilling, which is one of the most widely used post-machining operations. In aerospace
industries, 25% of the manufacturing time is utilized in drilling operations where rapid tool
wear of the drill bit is a common occurrence (Lopez de Lacalle et al. 2000). There are four
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major contributors to drill wear, viz., heat, pressure, stress, and friction. Generally, wear
starts from the cutting edge corner and propagates to the chisel edge and margin of the drill
(Sartori et al. 2016). At high cutting speeds, attrition and diffusion wear are the dominant
mechanisms of tool wear. The diffusive wear was due to the temperature and chemical affin-
ity in the cutting zone between the tool and the chip (Sharif et al. 2012).

The feed, cutting speed, cooling technologies, and drilling techniques affect machinability
(Rahim et al. 2008). Built-up edge (BUE) is a dominant factor in the reduction of tool life
while machining titanium, which directly influences the surface integrity of the component
(Rahman Rashid et al. 2017). Therefore, the drill bit geometry is also considered a major fac-
tor that affects the machining quality (Furness et al. 1996; Khanna and Sangwan 2013). More-
over, many researchers have studied the machinability with different tool coatings, like TiN,
TiAIN, AICrN, TiCrN, CrN, and TiCN. These coatings can improve oxidation resistance and
tool life (Kumar et al. 2014; Agrawal et al. 2022). AICrN coating can be used in aerospace and
biomedical industries for increased productivity with optimized process parameters and other
machining conditions (Cadena et al. 2013). Likewise, many studies have been carried out on-
chip formation as it is important to understand the machinability of the materials (Zang et al.
2018; Gajrani 2020; Shetty et al. 2014; Gajrani et al. 2021a). Gajrani et al. (2021b) studied
the effect of drills with peripheral slits and concluded that the modified drill bit was success-
fully able to reduce the burr formation in the drilling of titanium alloy. Compared to turning
and milling operations, tool engagement with workpiece material in a drilling operation is
more complex, which makes the investigation of chip morphology difficult (Zhu et al. 2018).
Serrated chip formation is common phenomenon in Ti-6Al-4V machining, which makes it
different from the other metal alloys. The main reason for the serrated chip formation is the
inferior thermal properties (Hua and Shivpuri 2004). In comparison with other materials,
saw-tooth type chip formation takes place at a relatively lower cutting speed, which makes
machinability poor (Upadhyay et al. 2014). In some cases, chips are intertwined with the cut-
ting tool, which reduces the machining quality and increases tool wear (Ahsan et al. 2016).

During the machining of Ti alloy, the temperature rises up to 1000°C. The extreme cutting
temperature in dry machining causes tool wear and tool breakage, thus limiting the cutting
speed, which can reduce productivity. Therefore, temperature reduction is achieved by using
the “cutting fluids” that act both as cooling and lubricating agent (Mia et al. 2022; Bambam
et al. 2022; Gajrani et al. 2022). The use of coolant at the tool-chip interface reduces the
cutting temperature and improves productivity (Junior et al. 2017). Minimum quantity lubri-
cation (MQL) has emerged as a sustainable solution. MQL techniques significantly reduce
the amount of cutting fluids; however, the effectiveness is somewhat limited (Jawahir et al.
2016). Due to its non-toxic and environment-friendly nature (Khanna et al. 2019), cryogenic
machining has become an emerging sustainable machining technique compared to other
machining processes, as illustrated in Figure 1.1 (Jawahir et al. 2016).

Sustainable Machining

v = 3 .
Near-d(y (MQL) machining Cryogenic machining

y
Dry Machining

LN, flank nozzle

Figure 1.1 Sustainable machining options as machining with dry, MQL, cryogenic cooling (Jawahir
et al. 2016).
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Bordin et al. (2015) investigated that dry and cryogenic machining are better options compared
with other machining conditions for medical equipment. The application of cryogenic coolant
minimizes the cutting force that helps increase cutting speed. Cryogenic machining improves
chip morphology that shows steady cutting (Impero et al. 2018) (Shokrani et. al. (2016a)).
Cryogenic LN, improves chip breakability (Ahmed and Kumar 2016). Hong and Ding (2001)
reported that LN, decreases the temperature at the cutting zone drastically and improves the tool
life as cryogenic coolant is an excellent medium for heat dissipation. Moreover, it affects the chip
formation and removal mechanisms, thereby improving machinability (Aramcharoen 2016).

Rahim and Sharif (2006) investigated the tool life and surface integrity of titanium alloy
in drilling operations with water-soluble coolant as cutting fluid. They reported non-uniform
flank wear and micro-chipping to be the dominant tool wear. Suhaimi et al. (2018) investi-
gated indirect cryogenic cooling with flood cooling, minimum quantity lubrication (MQL),
and other conventional cooling techniques. They found that the cutting force and tool life both
improved by 54% and 90%, respectively, in cryogenic conditions. Shokrani et al. (2016¢)
reported a 40% reduction in surface roughness and a threefold improvement in tool life in
cryogenic cooling compared to flood cooling in CNC milling operations.

This chapter focuses on the machinability of Ti-6Al-4V during drilling operations under
dry and cryogenic conditions. The important machining parameters, including thrust force,
tool wear, chip morphology, and the surface roughness of the drilled holes, were studied and
compared.

1.2 Machining of Ti-6Al-4V: a case study

1.2.1 Materials and methods

A Ti-6Al-4V plate with dimensions of 256 mm % 256 mm x 5.6 mm is used for the investi-
gation. The coated carbide drill bit of 5 mm diameter is used for machining operation. The
drill tool is coated with a 3-um AICrN (Alcrona) coating. The drill bit specifications are
mentioned in Table 1.1.

1.2.2 Experimental setup

The experiments are conducted on a 3-axes VMC-V544 with a Mitshubishi E70 controller
having a maximum spindle speed of 8000 RPM. Figure 1.2 shows the cryogenic machining
experimental setup. A cryogenic LN, cylinder of 200 liters capacity from the INOX Devar
is used for the experiments. A special fixture is designed for the application of LN, coolant.
This arrangement is designed in such a way as to give a steady and vibration-free flow of LN,
during operation. The cryogenic LN, was delivered using a 2-mm diameter nozzle. Experi-
ments are carried out at the feed of 0.06 mm/rev and cutting speed of 80 m/min, keeping rpm
at 5000. The tool wear is investigated using Mitutoyo’s Tool Makers microscope TM genera-
tion B series Tm505B 176—818E having X and Y travel lengths of 50 mm each and equipped
with a Mitutoyo 2D data processing unit QM—Data 200. The surface roughness of the hole is
measured using a Taylor—Hobson Sutronix S128. The Kistler dynamometer was configured

Table I.1 Tool Specifications

Tool diameter Material Coating Helix angle Point angle Flutes

5 mm Solid carbide AICrN 40° 140° 2
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Figure 1.2 Overview of drilling experimental setup under cryogenic environment.

with DynoWare software and used for measuring thrust forces. The machinability of the
titanium is evaluated under dry and cryogenic high-speed cutting conditions.

1.3 Results and discussion

1.3.1 Thrust force

Figure 1.3 illustrates the variation of thrust force (/) with the number of drilled holes for
dry and cryogenic cooling environments. Results show that the thrust forces for cryogenic
machining are higher compared to dry machining, as previously reported by Hong et al.
(2001). When LN, is used as the coolant, the cutting zone temperature is considerably
reduced, which contributes to the hardening of the workpiece material in the vicinity of the
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Figure 1.3 Variation of thrust forces with respect to the number of drilled holes under dry and cryo-
genic cooling environment.

cutting zone. This may increase the thrust forces (Zhao and Hong 1992). Thermal softening
of the workpiece material gives consistent thrust forces in the middle runs. However, in a
cryogenic cooling environment, after drilling 30 holes, a rapid increase in the thrust forces
was recorded due to the flank face wear of the carbide drill bit.

1.3.2 Tool wear

Tool wear is one of the critical parameters for the machinability of workpiece material (Ti-6Al-
4V). In the case of dry machining, a relatively higher amount of heat is generated due to friction
between tool-chip and tool-workpiece interfaces. Therefore, significant adhesion of workpiece
material (Ti-6A1-4V) was observed on the tool surface after drilling of the 2nd hole, as shown in
Figure 1.4 (a). In contrast, little-to-none workpiece adhesion was observed under the cryogenic
environment at the same machining conditions as shown in Figure 1.4 (b). This is attributed
to the pressurized flow of the LN, coolant towards the cutting zone, which assisted in the easy
removal of the chips from the tool flank face due to the better heat dissipation ability of LN..

With an increase in the number of drilled holes, the adhesion of workpiece material on the
tool surface becomes more dominant. Under both machining environments, the adhesion of
workpiece material can be seen on the cutting lip and the chisel edge. This adhered material
protects the tool from excess wear (Rahim et al. 2008). But in dry drilling conditions, an
extreme temperature rise occurs at the cutting zone leading to the welding of the chip on the
cutting lip, as shown in Figure 1.5 (a). When drilling the 12th hole under dry conditions, the
chips started to burn and sparks were seen, as illustrated in Figure 1.6.

Figure 1.5 (b) shows the surface morphology of the drill used under a cryogenic environ-
ment after drilling 46 holes. It is clear that the whole cutting edge is covered with a welded
chip, and adhesion is spread on the flank face (Shokrani and Newman 2019; Bermingham
et al. 2012). As the drilling progressed, the flow of chips started breaking the BUE, which
removed grains of the tool material. Following this, a new BUE is formed. This is known as
attrition wear (Rahman Rashid et al. 2017). For prolonged drilling operation, attrition wear
is a dominant tool wear mechanism (Rahim et al. 2008; Shokrani and Newman 2019).
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Figure 1.4 Morphology of tool surface after drilling two holes under (a) dry environment and (b)
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Figure 1.5 Morphology of tool surface after drilling (a) 12 holes under dry environment and (b) 46
holes under cryogenic environment.

Figure 1.6 Sparks from the cutting zone at the 12th hole during dry machining.
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Figure 1.7 Variation of flank wear (Vb, mm) with respect to the number of drilled holes under dry and
cryogenic cooling environment.

Figure 1.7 shows the comparison of average flank wear with respect to the number of
drilled holes under dry and cryogenic environments. After drilling 46 holes under a cryo-
genic environment, flank wear exceeded its criteria of 0.3 mm. However, for dry drilling,
only 12 holes were drilled before tool failure. The cryogenic environment improved the tool
life by more than 350%.

1.3.3 Surface roughness

Machining processes change the surface integrity by producing roughness, crack, and tensile
residual stress on the surface (Li et al. 2012). Surface roughness quantifies the microscopic
asperities of a surface. Average surface roughness (R ) is considered for the evaluation of
the surface quality of the drilled holes. Figure 1.8 shows R values for respective holes after
drilling under dry and cryogenic environments. This phenomenon can be explained by the
mechanism of BUE formation and removal. As marked in Figure 1.8, under both environ-
ments, there is a convex section that shows a smoother surface finish at the end. This is
due to adhered workpiece material on the flank face or deformed flank face (Che-Haron
and Jawaid 2005). In cryogenic drilling, the flank face deformation occurred after 30 holes,
which relates to the pressure of the convex section in Figure 1.8. The average R, for dry
machining is 1.11 um and for cryogenic machining is 0.91 pm. Cryogenic drilling condition
improves surface quality compared to dry condition. This is understandable as cryogenic
LN, dissipates the accumulated heat from the tool-workpiece interface, thereby reducing the
tool wear and assisting in steady drilling operation (Shokrani et al. 2016c).

1.3.4 Chip morphology

The chip geometry provides fundamental information on the cutting process. Thus, the quali-
tative assessment criterion was used to study the machined surface integrity through the chip
morphology (Jawahir and Luttervelt 1993). The chips obtained are of saw-tooth type (serrated)
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Figure 1.8 Variation of surface roughness with respect to the number of drilled holes under dry and
cryogenic cooling environment.

for the dry machining, as shown in Figure 1.9 (a). In dry drilling, tooth height and segmentation
frequency are high. This is attributed to the result of high friction force between the tool and
workpiece. Due to high serration and segmentation, cyclic forces are increased, which leads
to rapid tool wear and poor surface finish (Upadhyay et al. 2014). Figure 1.9 (b) shows the
chip formed after drilling 12 holes, which is heavily oxidized. The presence of thick BUE after
drilling 12 holes results in heat accumulation at the tool-chip interface. Figure 1.9 (c-d) shows
the chip formed during machining under cryogenic machining. Cryogenic machining shows
smaller serrated chip formation. This is attributed to the result of more heat dissipation under
cryogenic environment, which allows smooth chip flow through the tool. Initially, the curvature
of the chips is wide, as shown in Figure 1.9 (c). In the final stages of drilling, the curve bends
become narrow, as shown in Figure 1.9 (d) (Ahmed and Kumar 2016; Hong and Ding 2001).
Burning marks are seen at the bottom part of the chips. This shows that the tool wear is increas-
ing as the heat accumulation is diminishing the cooling effect of LN,. Even if the tool life cri-
terion of 300 um was not achieved, the chips were completely burned, as observed during dry
drilling. This shows that cryogenic LN, gives better machinability compared to dry machining.

In both machining conditions, adhesion wear was found to be the dominant tool wear
mechanism. Similar results were observed by Shokrani et al. (2016b). When using the cryo-
genic coolant, LN, is distributed to both the cutting zone and the tool-workpiece interface.
This results in the hardening of the workpiece material around the cutting region (Shokrani
and Newman 2019).

Continuous segmented chip formation was observed in both dry and cryogenic drill-
ing conditions (S. Berger et al. 2021). Segmentation degree in cryogenic machining was
lesser compared to dry machining. Also, the chip formed in the cryogenic was smoother
and had smaller serration. Cryogenic reduces the cutting temperature, and workpiece mate-
rial becomes harder, which improves chip formation and hence improves machinability.
Figure 1.10 shows the chip for different holes in both the machining environment. From
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Figure 1.9 (a) Chip formed during drilling of the Ist hole under dry environment. (b) Chip formed
during drilling of the 12th hole under dry environment. (c) Chip formed during drilling of
the 6th hole under cryogenic environment. (d) Chip formed during drilling of the 38th hole
under cryogenic environment.

Figure 1.10 Chip formed during drilling of (a) Ist hole under dry environment, (b) Ist hole under
cryogenic environment, (c) 6th hole under dry environment, (d) 6th hole under cryo-
genic environment, (e) 10th hole under dry environment, (f) 38th hole under cryogenic
environment, (g) |2th hole under dry environment, and (h) 46th hole under cryogenic
environment.

the comparison, it is clear that dry machining has produced more continuous chips than
cryogenic. Effective evacuation and breakability of the chips are the major bottlenecks of
the dry drilling environment. Figures 1.10 (f) and (h) show the increased length of the chip,
which is due to increased tool wear in cryogenic drilling conditions. In cryogenic machining,
pressurized LN, flow at the cutting zone and heat dissipation at the cutting zone improve the
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chip breakability and effective removal of chips. This shows the improved machinability in
cryogenic machining conditions.

1.4 Summary

This chapter focuses on the overview of work carried out for the feasibility of an indig-
enously developed machining facility for cryogenic drilling. The tribological aspects are
discussed for the machinability of Ti-6Al-4V with the AICrN-coated solid carbide drill bit
in terms of thrust force, tool wear, surface roughness, and chip morphology under dry and
cryogenic environments. The salient findings from the experimental work are as follows:

»  Thrust forces were greater in cryogenic conditions. After the tool flank wear of the drill
bit, the effect of cryogenic cooling is reduced, which leads to high thrust forces.

*  Attrition wear is the dominant wear type in a cryogenic machining environment. In dry
machining, the welding of the chip reduces the machinability of the workpiece.

* In the initial drill pass, cryogenic machining showed no adhesion, whereas dry machin-
ing showed adhesion from the beginning.

* In dry machining, the chips were heavily oxidized after the formation of the welded
chip. Cryogenic machining efficiently dissipates heat from the cutting zone, thereby
resulting in prolonged tool life (up to threefold improvement).

*  Cryogenic machining leads to favorable chip formation during the machining of tita-
nium and improves the machinability of Ti-6Al-4V alloy and, subsequently, tool life.
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2.1 Introduction

Titanium alloys have numerous applications in the biomedical, aerospace, sports, and automo-
tive industries. Despite various advantages and applications, the machining of titanium alloys
possesses various challenges due to its low thermal conductivity, which hinders the dissipa-
tion of heat from the machining zone [1]. Another challenge is its low elastic modulus, which
causes heavy chatter and vibration during high-speed machining leading to a high surface
roughness of the machined workpiece [2]. These result in high tool wear, higher machining
forces, and enormous energy consumption, causing high carbon emissions. The higher energy
consumption can be correlated with machined workpiece surface finish and tool wear. Higher
energy requirements may be due to more tool wear and workpiece surface roughness [3].
Nowadays, government agencies are pushing industries to cut down/limit energy consump-
tion due to global warming by applying various restrictions and sanctions. Electricity cost is
increasing day by day. Consequently, industries and researchers are trying to find a solution
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to reduce total energy consumption and associated costs without sacrificing product quality.
Therefore, various lubrication and cooling strategies are explored in the literature, such as
minimum quantity lubrication (MQL) [4-9], NMQL [10], cryogenic [11], and hybrid cryo-
MQL [12], to reduce machining forces and overall energy consumption during machining.

Lei and Liu (2002) conducted the experiments during the machining of titanium alloy
without any lubrication (dry condition). Assessment of results showed that the tool wear was
high due to the high temperature and chemical affinity of titanium towards the tool material
for dry machining [13]. In 2004, Weinert et al. compared dry machining and MQL. They
discussed the issues and problems related to flood cooling and proposed MQL as a viable
solution, and categorized it as a future of machining [14]. Further, MQL also has some limi-
tations when machining hard materials, like titanium alloys, attributed to their low thermal
conductivity. Therefore, cryogenic fluids are also popular for dissipating heat and cool the
machining zone of hard materials. Cryogenic fluids can absorb or dissipate heat and can
control the rising temperature. Cryogenic fluids also help to reduce machining forces and
workpiece surface roughness [15]. However, either MQL or cryogenic alone is not efficient
when machining hard-to-machine material at high speed. Consequently, the combination of
both cryogenic cooling and MQL (cryo-MQL) is recommended for better cooling and lubri-
cation while machining hard-to-machine materials at high speed [16].

In a nutshell, the literature suggests that the machining performance of hard-to-machine
materials is already studied and reported extensively for dry, MQL, cryogenic, and hybrid
cryo-MQL machining environments. However, the productivity and economics of machining
are not adequately studied, which are equally important. Very limited studies are available
in the literature related to the economic assessment of environmentally friendly machining
processes. For a minimum cost per product, an economic analysis of hybrid cryo-MQL is
necessary due to the use of additional coolant and its application techniques. In this work, an
economic evaluation of a hybrid cryo-MQL environment for machining is carried out. The pro-
ductivity and total machining cost per product, including energy consumption cost, overhead
cost, coolant cost, cutting insert cost, and coolant disposal cost, are evaluated using microeco-
nomics cost modeling. Energy consumption is another parameter that is studied and analyzed.
Further, the surface roughness of the machined surface is measured after turning experiments.
For comparison, economic assessment and turning experiments are also carried out for dry and
MQL environments. This study is an extension of the authors’ previously published work [12].

2.2 Materials and methods

In this study, the turning experiments were performed on Ti-6Al-4V titanium alloy having
very high tensile strength, resistance to corrosion, and toughness. Cylindrical bars of 50 mm
diameter and 250 mm length were used as specimens. The properties of Ti-6Al-4V are tabu-
lated in Table 2.1 [12]. Turning tests were conducted on an EMCO turn 345 II CNC turning
center. Carbide inserts TNMA 220412 were chosen as tool inserts having a nose radius of 1.2
mm and a rake angle of —6°. Tests were conducted under three lubrication/cooling environ-
ments: (i) Cryo-MQL, (ii)) MQL, and (iii) dry. UNIST Coolubricator™ commercial MQL
setup and semi-ester-based water-miscible coolant were used for the MQL environment. The
properties of the cutting fluid are shown in Table 2.2 [12]. MQL and liquid nitrogen (LN,)
were applied to the machining zone. MQL and cryo-MQL input parameters were optimized in
our previous study [12]. Figure 2.1 shows the schematic of the cryo-MQL experimental setup.
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Table 2.1 Composition and Mechanical Properties of Ti-6Al-4V [12]

Composition (wt.%)

v Al 0o N H C Fe Ti

4.1 572 0.l 0.022  0.005 0.02 0.004  Balance

Mechanical Properties

Shear Modulus Young’s Modulus Hardness Ultimate Tensile Strength
40 GPa 110 GPa 348 HV 1020 MPa

Table 2.2 Properties of Cutting Fluid [12]

Kinematic viscosity Density Thermal conductivity Viscosity index, VI Flash point (°C)
at 40°C (mm?/s) (kg/m’) (WImK)
12 872 0.1792 198.04 242
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Figure 2.1 Schematic of the cryo-MQL experimental setup.

A piezoelectric dynamometer (Kistler make 9257A model) was used for determining
machining forces. Specific cutting forces were calculated using measured machining forces
for this study. Experimental machining conditions are tabulated in Table 2.3, and the experi-
mental plan is tabulated in Table 2.4. The workpiece surface roughness was evaluated using
the contact type Mitutoyo Surftest SJ-410. Each experiment was performed thrice, and aver-
age values were reported.
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Table 2.3 Machining Environment and Conditions [12]

Input parameters Values

Lubrication/cooling environments Dry, MQL, and cryo-MQL

Turning conditions

Cutting speed (v) 80 m/min and 120 m/min

Feed (f) 0.0l mm/rev,0.15 mm/rev,and 0.2 mm/rev
Depth of cut (o) I mm

Length of cut 120 mm

Machining allowance 4 mm

Table 2.4 Experimental Plan

Experiment Cutting speed Feed Depth of
no. (m/min) (mmlrev) cut (mm)
| 80 0.1 I
2 80 0.15 |
3 80 0.2 |
4 120 0.1 |
5 120 0.15 |
6 120 0.2 |

2.3 Economic model

To study the economic behavior of any process, a simplified model designed to check
the hypotheses about economic behavior is known as an economic model. In this study,
an economic model is used to assess the lubrication/cooling environment while machin-
ing Ti-6Al-4V alloy. Total machining cost and energy consumption were computed as
well as workpiece surface roughness were measured for three different lubrication/cooling
environments.

2.3.1 Total cycle time

The efficiency and productivity of the machining process was based on total cycle time (7 .,).
It is the summation of time required for one complete cycle of machining one product. Total
cycle time includes tool air travel time (7,), cutting time (7, ), tool standby time (7,), and
per cut tool change time (T,), as given in equation (2.1) [16]:
TCT :Tair+Tcut+71‘b+Tct (21)
Tool changing time and standby time depend upon the operator’s experience and
skill. In this study, only one operator conducted all the experiments. Therefore, a
constant tool changing time of 16 s and standby time of 35 s is considered based on
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measurement during experiments. Overall, productivity is calculated from total cycle
time using equation (2.2) [16]:

Productivity (8-h shift) = 28000/T ., 2.2)

2.3.2 Total machining cost

Sustainable production includes economic production. This can be achieved by selecting
appropriate machining conditions, which require an in-depth analysis of cost under various
conditions. The total machining cost (C,) is calculated using equation (2.3) [16, 17]:

Cr=C+C,+C,+C,+C, (2.3)

where C, is cutting insert cost, C, is energy consumption cost, C, is an overhead cost, C, is
coolant cost, and C, is coolant disposal cost.

2.3.2.1 Tool cost

The tooling process is an essential part of manufacturing. During the machining process, tool
wear is a common occurrence, and frequent tool change is required for mass production. In
mass production, tool insert cost is a significant share of the total cost [18]. To decrease this
cost, a few actions, such as optimizing the input parameters and usage of coolant, are preferred.
Therefore, the study of overall tool cost is important for any sustainable product development.
In this study, each cutting insert price was 20.54 USD. The tool cost is calculated as follows:

_ insert price

x machining time 2.4
tool life € @4

2.3.2.2 Energy consumption cost

Within the industrial sector, manufacturing accounts for the largest share of annual industrial
energy consumption. Machine tools employed in these manufacturing industries consume a
significant portion of total energy consumption. Total energy consumption comprises energy
for cutting workpieces and stand-by energy, which is calculated using equations (2.5-2.8).

Ce = Ccut + Cncut (25)
_ Unit enegry cost

*t *(cutting power + stand by power 2.6
¢ = X 60x1000 m g p Y power) (2.6)

where C_ is cutting energy cost and C__ is machine stand-by cost. In this study, the unit
energy cost was 0.15 USD/kWh, efficiency (77) was 88%, stand-by power is 1422 kW, and ¢
is machining time. Machining time and cutting power can be calculated as follows:

_lengthof cut + machining allowance @.7)

m

feed x rpm
afV.K,

Cutting power =
60x10° xn

(kW) (2.8)
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where o is the depth of cut, V, is the cutting speed, fis the feed, and K is the specific cutting
force.

2.3.2.3 Overhead cost

Overhead cost is the sum of all the indirect costs incurred while manufacturing a product. It
can be calculated using equations (2.9-2.11):

C,=C,, +C, +C, (2.9)

where C, is operator cost (2.74 USD/h), C, is lighting cost (0.4 kW), and C| is machine
depreciation cost (assumed to be zero for this study). C, and C, are calculated as follows:

C,, = operator labour costxt,, x number of operators (2.10)

C, =costof lighting xunit energy cost xt,, (2.11)

2.3.2.4 Coolant/lubricant cost

Generally, the flood cooling technique is used for machining operations. In such operations, the
share of cutting fluid costs is 15—17% of the final cost [19]. In such cases, the cost of cutting
fluids is higher compared to the cost of tools. Therefore, it’s desired to minimize cutting fluid
costs to ensure economic machining. The coolant cost can be calculated using equation (2.12).

C, =coolant / lubricant cost x flowratext,, (2.12)

In this study, the lubricant cost and flow rate of MQL were 4.11 USD/L and 35 mL/h,
respectively. The coolant cost and flow rate of LN, were 0.68 USD/L and 12 L/h, respectively.

2.3.2.5 Chip and coolant/lubricant disposal cost

Reused cutting fluids contain worn-out chip debris and various contaminants. Therefore,
proper disposal of cutting fluids is important to protect society and the environment from
the negative impacts of cutting fluids. However, in MQL or cryo-MQL machining environ-
ments, the overall amount of cutting fluid used is minimum, and always fresh cutting fluid
is used. The chips produced under MQL remain almost dry, so they can be recycled easily
without any need for further cleaning. In the case of LN, since it evaporates at ambient tem-
perature, there is no concern about disposal as the workpiece and chip remain dry. Hence,
dry, MQL, and cryo-MQL cutting have no associated cost for disposal.

2.4 Energy consumption analysis

Investigation of energy consumption is important to a company or organization more than
that of electrical energy consumption. It’s vital to reduce overall energy consumption to
achieve sustainable production [20]. Energy consumption (£ ) can be calculated as given in
equation 2.13:

E =FJVt, (2.13)
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where V_is cutting speed, F, is the main cutting force, and ¢ is machining time. In our previ-
ous study, the measured cutting forces are reported [12], and the same are used for energy
consumption analysis.

2.5 Results and discussion

Here, the economic assessment of the cryo-MQL lubrication/cooling environment is com-
pared with that of dry and MQL machining environment results, followed by the discussion.
Workpiece surface roughness is also reported and discussed.

2.5.1 Total cycle time

Total cycle time is an important factor for sustainable production as it directly affects overall
productivity. Figure 2.2 shows the variation of total cycle time under three different lubricat-
ing/cooling environments for different machining parameters, as shown in Table 2.4.

Productivity depends on total cycle time. Using equation (2.2) and Figure 2.2, productiv-
ity under three different lubricating/cooling environments for different machining param-
eters was calculated and illustrated in Figure 2.3. From Figure 2.2 and Figure 2.3, it can be
observed that a decrease in total cycle time resulted in an increase in the productivity of the
number of parts in an 8-h shift.

After keeping the feed constant and increasing the cutting speed from 80 m/min to 120
m/min in all three machining environments, it was observed that the total cycle time had
reduced by 16.06%, 18.30%, and 15.98% for cryo-MQL, MQL, and dry machining, respec-
tively. Similarly, with an increase in the feed from 0.1 mm/rev to 0.15 mm/rev at a constant
cutting speed (80 m/min), it was observed that the total cycle time had reduced by 29.93%,
26.80%, and 18.56% in cryo-MQL, MQL, and dry environment, respectively. The total
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Figure 2.2 Total cycle time with respect to each experimental run under three different lubrication/
cooling environments.
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Figure 2.3 Influence on productivity corresponding to various experimental trials under three differ-
ent lubrication/cooling environments.

cycle time decreased by 21.13% and 29.38% in MQL and cryo-MQL, respectively, when
compared with dry environments. This result can be attributed to the reduction in tool wear
under MQL and cryo-MQL environments, resulting in shorter tool handling time compared
to dry environments.

2.5.2 Economic and energy consumption assessment
of cryo-MQL environment

Economic assessment is important to estimate the probable costs and estimated benefits from
a planned project, policy, or program in any industry. Economic evaluation is one of the parts
which leads to sustainable manufacturing. Figure 2.4 illustrates the influence of cutting speed
on total machining cost under three different lubricating/cooling environments. Figure 2.4
shows that under the same experimental design, the total machining cost in MQL and cryo-
MQL had reduced by 16.17% and 19.47%, respectively, compared with the dry environment.

Figure 2.5 shows the cost sharing by various components, such as energy consumption
cost, overhead cost, tool cost, and coolant cost, under three different lubricating/cooling
environments. Based on economic model discussions on dry, MQL, and cryo-MQL machin-
ing in previous sections, it can be observed that the cryo-MQL machining environment is
economical. It can be observed that the total machining cost is the lowest for the cryo-MQL
environment (see Figure 2.4). This is due to a longer tool life, which leads to lower tool costs
and low cutting power, due to which energy consumption cost reduces (see Figure 2.5). Also,
the coolant/lubrication cost is low when compared with traditional flood coolants because
the requirement of cryo-MQL coolant and lubricant is very low.

Figure 2.6 illustrates the influence of cutting speed on the consumption of total energy
under three different lubricating/cooling environments. It was observed that by changing
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conditions.

the speed with constant feed, the energy consumption had reduced by 5.56%, 5.65%, and
4.62% under dry, MQL, and cryo-MQL machining, respectively. This is due to a reduction
in cutting force by increasing cutting speed [10]. At the same cutting speed (120 m/min), it
was observed that the energy consumption had reduced by 18.93% and 26.09% in MQL and
cryo-MQL, respectively, as compared to dry conditions. It was attributed to a reduction in
frictional force due to easy penetration of lubricant between chip and workpiece in MQL.
In cryo-MQL, it is reduced further because of a fall in temperature due to coolant, which
reduces adhesion forces on the tool chip interface, due to which material becomes harder and
less sticky in addition to reduced frictional force. This results in the reduction of power con-
sumption during machining. Therefore, cryo-MQL produces a hybrid effect, due to which a
higher reduction in energy consumption is observed.

2.5.3 Surface roughness

The lubrication/cooling environment significantly affects the workpiece surface roughness
(R) [21,22]. Figure 2.7 illustrates the variation of workpiece R after machining under three
different lubrication/cooling environments. From Figure 2.7, it is observed that the workpiece
R, reduces as the cutting speed increases. This was attributed to the reduction of machining
forces with increasing speed leading towards lower tool vibration and hence reduced R . The
workpiece R, 0f 0.92 um, 1.32 pm, and 1.71 pm was obtained while machining under cryo-
MQL, MQL, and dry environments, respectively, for a cutting speed of 80 m/min. In the
case of cryo-MQL, an overall 46.19% improvement in the surface finish was observed over
a dry environment. Also, at the cutting speed of 120 m/min, overall R improved by 32.08%
over a dry environment. It may be due to the lubricant from MQL, which will form a thin
layer between the tool-workpiece interface, causing a reduction in friction leading towards
lower tool wear and tool vibration and better surface finish. Moreover, applying LN, at the
tool-workpiece interface might increase the cutting tool hardness attributed to the quenching
effect of liquid nitrogen, which helps reduce the workpiece R .
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Figure 2.7 Influence of cutting speed on the workpiece surface roughness under three different lubri-
cation/cooling conditions.

2.6 Conclusions

This study focuses on the economic assessment of the combined effect of MQL and cryo-
genic lubrication/coolant while machining Ti-6Al-4V. For comparison, experiments were
also performed in MQL and dry environments. Responses obtained are total cycle time,
productivity, total machining cost, energy consumption, and workpiece surface roughness
(R ). The salient findings are given below:

*  Cryo-MQL environment reduces total cycle time by 29.38% compared to dry environ-
ment (¥, = 80 m/min). This is due to higher tool life.

*  Cryo-MQL environment increases productivity by 49.97% on average over dry envi-
ronment. This is due to the low total cycle time.

*  Total machining cost in cryo-MQL machining is reduced by 19.47% compared to dry
environment. This is due to lower tool cost attributed to shorter tool changing time and
less energy consumption cost attributed to low cutting power required.

*  Energy consumption in cryo-MQL environment is reduced by 26.09% compared to dry
machining environment. This is attributed to a decrease in frictional force due to easy
penetration of MQL between chip and workpiece and a reduction in temperature due
to a reduction of adhesive forces on the tool-chip interface because of coolant (LN,).
Due to these reasons, the power required for machining decreases, and hence, energy
consumption is also reduced.

* In the cryo-MQL environment, workpiece R is reduced by 46.19% and 22.80% over a
dry environment at the cutting speed of 80 m/min, feed of 0.2 mm/rev, and depth of cut of
1 mm. This is attributed to a reduction in machining and frictional forces, which causes
less vibration and chatter by the application of lubricant. Also, the surface roughness
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is reduced, which is attributed to an increase in the hardness of the tool because of the
quenching effect of liquid nitrogen.
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Manufacturers of epoxy composites encounter crucial problems like matrix crack propagation,
fiber pull-out, delamination, plastic deformation, and so on during the machining process. Produc-
ing and assembling epoxy composites is more complicated than metal materials (Giinay and Meral
2020; Konig and Gral 1989; J. Kumar et al. 2021). Due to epoxy composite’s non-homogeneity
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and anisotropic behavior, their machining characteristics are significantly different than those of
metals and their alloys (John et al. 2019; Arul et al. 2006; Vinayagamoorthy 2018). Machinability
and machining performance optimization is essential to properly utilizing any new composite.
Eminent researchers have made significant contributions to polymer machining throughout the
last three decades (Lachaud et al. 2001; Sorrentino et al. 2018; Ogawa et al. 1997). However,
available data reveal very little research into modeling and optimizing nanocomposite machining
characteristics (Xu et al. 2020; J. Kumar et al. 2020; J. Kumar et al. 2020). In addition, only a few
papers have been found on multi-objective optimization of machining performance. Details on
the influence of cutting circumstances and parameters on machinability were examined. Using
proper modeling and optimization techniques makes it possible to optimize the machining pro-
cess. Hence, an appropriate optimization tool for machining conditions is required to control
the process parameters. Experts optimized the machining responses of laminated polymer nano-
composites by utilizing several modules. During multi-response optimization, the aggregation of
process responses into a single objective function is done by various optimization modules, such
as grey, analytic hierarchy process (AHP), utility functions, desirability functions, and technique
for order performance by similarity to ideal solution (TOPSIS).

AHP is the most used for decision-making (DM) studies, but it works on the subjective
judgment decision requirements and give preferential consistency. When aggregating con-
flicting responses, most studies assume equal weight and negligible response relation (Mohan
et al. 2005; Palanikumar et al. 2006). They produce skewed, ambiguous, and riddled with
the mistake. The exploration of the PCA module competently confronts these fundamental
and traditional assumptions. PCA tackles multi-criteria optimization by converting associ-
ated output functions into independent indices. PCA works to estimate the proven statistical
weight of the process response. The optimization method is commonly used during conven-
tional manufacturing methods to evaluate the best possible sequences of machine limitations.
Experts typically utilize it in advanced production processes, like welding (J. Kumar et al.
2022), milling (Uzun 2019; K. Kumar et al. 2021; J. Kumar and Verma 2021c), turning (Gok
2015), etc. PCA is a valuable statistical technique for assessing response priority weights with
contradictory properties. It is feasible through parametric appraisal to improve the machin-
ing efficacy of the proposed material and reduce damages and waste (Sorrentino et al. 2017).
Also, the existing literature on the machining behavior of nanocomposites is limited. It needs
more attention from academia and industry. Some prominent academics have thoroughly
investigated the theories of machining-induced defects have been thoroughly investigated
by some prominent academics (Xu et al. 2018, 2013; Qiu et al. 2018). However, the manu-
facturing industry is still excessively concerned about the induced damages, which directly
impact quality and performance. Robust tools and customization approaches are needed in
this complicated challenge in laminated polymer nanocomposites. It is possible to optimize
multiple criteria using the multi-criteria optimization modules. The improvement of quality
and productivity indices in machining procedures is made possible by optimizing numerous
machine restrictions. Fiber-reinforced polymers (FRP) are generally used in aircraft, auto-
mobile, naval, and building component manufacturing industries to achieve weight savings,
precision, close tolerances, and generalization for precise component assembly.

3.1.1 Problem formulation

Polymer companies in fast-growing manufacturing sectors manage fast, innovative, and effi-
cient manufacturing environments to adapt to changing consumer demands. Any industry or
organization that deals with products or processes must prioritize ensuring their customers
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are satisfied. It is possible to meet the rapidly changing needs of customers through the use
of a computerized regulated production procedure. These precise machines require skilled
operators and large setup/installation costs. It is quite difficult for a manufacturer to recover
the costs associated with these types of systems. It is necessary to balance the machining
responses based on the experimental domain to study exact constraints to optimize them.
Current techniques have many shortcomings and downsides, such as weight allocation
responses mostly dependent on decision-makers (DM) and a lack of significant connec-
tion between responses. The previous literature review reveals that fewer tests on drilling
polymer nanocomposites were conducted (Palanikumar 2011; Baraheni and Amini 2019; D.
Kumar and Singh 2019). For example, researchers researched tool wear, fiber pullout, and
matrix debonding and produced robust optimization techniques, like the Grey concept, TOP-
SIS, MOORA, and WPCA (Rajkumar et al. 2017). There is a lack of research on hybrids
of multiple optimization modules during epoxy nanocomposite machining because most
studies focus on single optimization modules. With hybridization modules, appropriate para-
metric parameters may improve machining qualities. The organized chapter are illustrated
in Figure 3.1.

Identify problem

Overview of MCDM approach

Case study

.

Multi objective optimization

2

CoCoSo approach

Predictive
modeling

PCA approach

|

CoCoSo-PCA approach

Outcomes and summary

Figure 3.1 Flow chart for proposed module.
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3.2 Multi-criteria decision making (MCDM) techniques

Conventional optimization tools consider the varying constraint of one factor while keep-
ing the other factors constant. It is very time-consuming and costly. Still, the investiga-
tional technique of statistical strategy provides a more relaxed and efficient approach
to optimizing several operational variables. The efficiently used test design method
includes various evolutionary optimization modules and design-based methods (Islam
and Pramanik 2016; Sampath Kumar et al. 2017; Kulkarni et al. 2020). RSM array is a
statistically balanced investigational array that diminishes the test run efficiently. It is
a highly acclaimed experimental pattern preferred in machining test design and multi-
criteria evaluation. Thus, the current study optimizes polymer nanocomposite drilling
using RSM. The design of the experiment has been carried out using the BBD concept
for computing the correlation among the input parameters that affect a process parameter
and the output response.

The machining of FRP composites employing GRA, TOPSIS, utility theory, etc., has
been extensively studied. Most surveys assume little function correlation and equal
weight during multiple response aggregation. These assertions result in haziness, inac-
curacy, error, and imprecision in the real conclusion, which can cause the efficiency of
the quality and production monitoring system to deviate from its original goal. PCA
has the potential to address such essential challenges effectively, but current research
indicates that this developing technology is only being used in a limited number of
situations. Using a smaller collection of variables, PCA diminishes the data set (sam-
ple) without losing any model information, which helps it achieve its goal of reduc-
ing error. As seen by the association matrix between the real variable quantity, there
is a lot of variety in the sample. Principal components are the terms used to describe
these new, uncorrelated variables. Because the final objective value was calculated, it
incorporates deviation (SD), covariance, eigenvectors, and eigenvalues, as well as the
deviation (SD). In the sophisticated combined compromise solution (CoCoSo) module,
this weight assignment is generated during the aggregated analysis of several responses.
This chapter presents the hybrid optimization tool results, demonstrating its applicabil-
ity in the machining environment.

3.2.1 Box behnken design (BBD)

The BBD considers all variables/factors simultaneously at maximum and minimum levels.
It can easily avoid extreme conditions and test for feasible outcomes. A quadratic regression
model was constructed using RSM, and the relationships among various inputs and outputs
were established. As a result, compared to the conventional design of the experiment, it
greatly diminishes trials and improves cost-effectiveness. The quadratic model second-order
polynomial regression equation is given below (Gajrani et al. 2019).

n=l n

F(X)zﬁo+Zn:ﬁij+Zn:ﬂijf+ZZ‘ﬁinin 3.1
j=l j-1

i=1 j=2

Here, ﬂj = Linear terms
ﬂjj = Quadratic terms
f; = Interaction terms
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3.2.2 Combined compromise solution (CoCoSo) and principal
component analysis (PCA)

In the beginning, Yazdani et al. (Yazdani et al. 2019) recommended this method to assess
several management criteria in France (2018). Power control optimization, industrial energy
concerns, and manufacturing trades currently use it (Wen et al. 2019; Mi and Liao 2020).

The CoCoSo approach normalizes the results following the intended quality characteris-
tics as beneficial/cost-effective. The WASPAS approach was used to compute every possible
weighted comparability order and drilling performance. Later, every option is referred to
by three group operatives (K, K, and K, ), comprising three compromise rankings. After
considering the choices and criteria, the CoCoSo takes the following stages to solve the
multifunctional decision issue (Kharwar et al. 2020).

Step-1: Decision matrix (DM) array is expressed as:

X1 X2 X
X X e X
21 22 2
X; = n 3.2)
ij
X X oo X

Here,xij:DMandm:1,2,3&n:l,2,3.

Step-2: Data pre-processing involves normalizing measured quantities to reduce uncer-
tainty. The cost criteria used in data pre-processing are primarily determined by the
preferred characteristic criteria, referred to as “cost criteria”.

min x!-/- - x[/-

L — 33
Y max X; —minx; (3.3)
where x;; = present data of array; min x;;, max x;; = lowest and highest values of the array,

U’
respectively.
Step-3: Calculate the correlation coefficient.

A basic statistical methodology for evaluating the primary principal component, PCA, was
invented by Karl Pearson in 1901 (PC) (Karl Pearson F. R. S. 1901). When substantially
statistically independent components, known as the main components, are changed, the
orthogonal transformation is used (PCs). The PCA-CoCoSo module controls quality and
productivity concerns in industrial operations (Abhishek et al. 2014). This analysis assesses
the particular response weight and the correlation factor among them.

- Cov{X, (k). X, (1)}
T o (k)xo, (1)

wherei=1,2,3,4.. .nandj=1,2,3,4...n, X, (j) is normalized for each performance,
Covi{X, (k),Xi (l)} is the covariance of output performance, and O (xi) (k) X0 (1) (l) is the SD
of the output response.

(3.4)
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Step-4: Ascertain the eigenvalues.
(R =71l Vi (3.5)
where y, =eigen valuesand k=1,2,3,4...n

Step-5: Calculate the PC values.
Ymk = zxm (l) Vik (36)

where Y ., Y

1> Ymas - - - are PC values.

Step-6: Calculate S, and P..

The total weight comparability sequence is the sum of the proportionate component
weighted at a normalized value for each alternative (S,). The total comparability weight
(P) is assessed for each alternate normalization value. The WASPAS method weighted
multiplier of the product summation and exponential summation can attain the S, and P,
values.

S, = Z(w1 x NR,, + W, x NR, + w3 x NC,) (3.7
j=1
B =Y ((WR,)" + (VR.)™ + (NC, ) (3.8)

J=1

Step-7: These are a few average strategies for determining the respective weights of the
various alternatives. These techniques use three evaluation criteria to determine the
relative importance of each possibility.

P +S;
K —— ti't9i
fa 3.9
¥ "
S, & 3.10
" min S, min P, (3.19)
A 1-2)(
M=) (3.11)
(Amax S; +(1-2)ma

Step-8: Calculate the final aggregated K, data and corresponding rank.

1
K, = (k kyk, )3 + (k +hy + ki) (3.12)
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3.3 Case study: multi-objective optimization for drilling
of laminated epoxy nanocomposites

3.3.1 Selection of process parameters

The CoCoSo-PCA method was utilized to evaluate and optimize the drilling data in this
investigation. Directly and indirectly, several causes for machining are found but con-
sidered simultaneous, leading to limitations in the drilling process. It comprehends the
machining environment; many process factors, such as cutter diameter, tool coating, tip
angle, and coolant, could be selected (Sridharan et al. 2016; Fu et al. 2018; Gajrani et al.
2021; Agrawal et al. 2022). Additionally, these process characteristics were considered
earlier in the drilling process (J. Kumar and Kumar Verma 2021; J. Kumar and Verma
2021a). Several other elements have been discovered in the literature to impact machining
features. As a result of the experimental constraints in factor consideration simultaneously,
it can affect machining time, experimental expense, and complexities. The proper RSM
approach of 15 experiments is shown in Table 3.1. These three process constraints were
chosen for this existing work study (J. Kumar and Verma 2021b; J. Kumar and Kumar
Verma 2021). The responses are thrust, torque, delamination inlet, outlet, circularity error,
and machining surface roughness (R and R ). With respect to response aggregation, most
pioneering scholars have assumed that all responses had the same weight. As a result
of this notion, the results are ambiguous, reducing the module’s overall effectiveness.
During drilling testing, the proposed hybrid module improved the conflicting machining
performance.

Table 3.1 Box Behnken Design With Observed Data

Exp.No.  Input constraint Output performance
Drill Feed GO T, T IN out R, R, C,
speed (A)  (B) ©
I 0 +1 +1 6498 0.1 1.0316 1.0436 1.69 42 0.366
2 +1 +1 0 5394 006 1.012 1.0222 1.8 29 0.133
3 0 -1 -1 10081 0.17  1.095 L1118 199 58 0.52
4 0 -1 +1 61.59 0.16 1.0402 1.0618 2.1 443 0.287
5 -1 il 0 7407 0.13 1.0404 1.0664 1.75 509 042
6 +1 0 -1 57.17 0.1 1.0206 1.0408 1.84 3.66 0.169
7 +1 -1 0 95 0.15 1.0608 1.0912 187 57 0.41
8 -1 0 +1 6129 0.12 1.0308 1.0534 209 376 021
9 +1 0 +1 54 0.07 1.0126 1.026 .65 3.6 0.211
10 0 0 0 68.65 0.16 1.051 1.072 195 5 0.37
11 0 0 0 60.84 009 1.0306 1.0438 .78 37 0.25
12 0 +1 -1 8363 0.17 1.0718 I.1I8 209 59 0.401
13 -1 +1 0 6727 0.13 1.0608 1.0818 1.88 44 0.32
14 0 0 0 70 0.12  1.0506 1.0642 189 4 0.301
15 -1 0 -1 72 0.1 1.036 1.064 1.9 4.3 0.31

Here, for drill speed (4) —1 = 800 rpm, 0 = 1600 rpm, and +1 = 2400 rpm; for Feed (8) —1 = 80 mm/min, 0 = 160
mm/min, and +1 =240 mm/min; and for GO% (C) =1 =1 wt.%, 0 =2 wt.%, and +1 =3 wt.%
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Initially, all of the values were normalized to fall inside 0—1. The normalizing procedure
is evaluated as a cost criterion using Eq. (3.3). It checks the correlation coefficient calculated
using Eq. (3.4), as demonstrated in Table 3.2. Eigenvalues and PC values were calculated
using Egs. (3.5-3.6) and are tabulated in Tables 3.3 and 3.4. The Si and Pi values were deter-
mined using Egs. (3.7-3.8) and organized in Table 3.5. Table 3.5 presents the results of three
constant evaluations (Kia, Kib, and Kic) of each experiment, derived from Eqgs. (3.9-3.11)
to determine the relative weight criterion. The relative weight attribute combined the data to
calculate the comparability sequence (S) with the selected weight (P) data. Table 3.5 shows
the function values (K) calculated using Eq. (3.12).

The optimal drilling conditions are 2400 rpm drill speed, 80 mm/min feed, and 1% gra-
phene oxide weight % (as shown in Figure 3.2). The value of the objective function is
observed to be 38.065, which is greater than the value of the array valuation. Because of

Table 3.2 Correlation Coefficient

Sr. No. Response Pearson value P-value Remarks
| TtoT, 0.730 0.002 <Significant
2 INto T, 0.889 0.000
3 INtoT 0.852 0.000
4 OUTtoT, 0.880 0.000
5 OUTtoT 0.891 0.000
6 OUT to IN 0.956 0.000
7 R toT, 0.331 0.228 >|nsignificant
8 R, toT 0.719 0.003 <Significant
9 R, to IN 0.516 0.049
10 R, to OUT 0.593 0.020
I R toT, 0.897 0.000
12 R toT 0.879 0.000
13 R to IN 0.865 0.000
14 R, to OUT 0.923 0.000
15 R toR, 0.404 0.136 >Insignificant
16 CtoT, 0.878 0.000 <Significant
17 CtoT 0.767 0.001
18 C toIN 0.856 0.000
19 C,to OUT 0.824 0.000
20 C toR, 0.205 0.463 >Insignificant
21 C toR 0917 0.000 <Significant

Table 3.3 Eigen Value

Eigenvalue 5.6164 0.9700 0.2011 0.1083 0.0713 0.0289 0.0040
Proportion 0.802 0.139 0.029 0.015 0.010 0.004 0.001
Cumulative 0.802 0.941 0.970 0.985 0.995 0.999 1.000
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Table 3.4 PCA Analysis
Variable  PCI PC2 PC3 PC4 PC5 PC6 PC7 Contribution
T, 0.386  -0.264 0507 -0546 —-0353 -0263 -0.179 0.149
T 0.392 0.261 -0.533 0.096 -0.057 -0.600 -0.348 0.154
IN 0.405  -0.028 0.403 0.640 0.021 -0.261 0.441  0.164
ourt 0.412 0.057 0.226 0.075 0.620 0345 -0.516 0.17
R, 0.239 0.828 0.105 -0.157  —-0.293 0.326 0.172  0.057
R, 0.404 -0.164 -0.354 —-0.433 0.384 0.061 0.588  0.163
C, 0378 -0.382  -0.330 0.253  -0.504 0.523  -0.104 0.143
Table 3.5 Optimization Module
Exp. No. S P K K, K. K, Rank

| 0.6701 6.5912 0.0752 25.1556 0.9125 27.3431 5

2 0.9806 6.9771 0.0824 35.5519 1.0000 38.0654 |

3 0.0303 2.1249 0.0223 2.0000 0.2708 2.52273 15

4 0.5125 5.3333 0.0605 19.3752 0.7346 21.1221 9

5 0.4656 6.2272 0.0693 18.2527 0.8410 20.1841 I

6 0.8047 6.7772 0.0785 29.6724 0.9527 32.0084 3

7 0.2421 5.6130 0.0606 10.6104 0.7357 12.1863 13

8 0.6689 6.4745 0.0740 25.0602 0.8976 272171 6

9 0.9106 6.9031 0.0809 33.2163 0.9819 35.6612 2
10 0.4080 6.0553 0.0669 162771 0.8122 18.1164 12
1 0.7575 6.7268 0.0775 28.0941 0.9405 30.3822 4
12 0.1456 3.3219 0.0359 6.35668 0.4357 7.29175 14
13 0.4776 6.2827 0.0700 18.6728 0.8495 20.6281 10
14 0.5617 6.4419 0.0725 21.5165 0.8801 23.5809 8
15 0.5776 6.4675 0.0729 22.0520 0.8853 24.1355 7

Main Effects Plot for Ki

B

35

Mean

Figure 3.2 Optimum plot.
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the intermittent cutting function of the drilling process, it is a more complicated process
than the other operations. It ensures that the material is removed easily and set at high speed
(2400 rpm), which could compromise the cutting tool features. In some cases, increasing the
cutting speed raises the temperature at which cuts are being made. Aside from these advan-
tages, a greater spindle speed and a higher temperature cause smoother material removal
and, hence, lower surface roughness (Fu et al. 2018). Because of the increased interconnec-
tion strength of the laminated epoxy (polymer) composite, it is clear that the hole damage is
at its lowest at a lower feed rate of 80 mm/min. Likewise, there is a reduced weight percent
of GO drop in the fiber breaking and cracking (J. Kumar and Verma 2021a).

For low machining forces, 7, and 7, hole damages IN, OUT, and C; machining sur-
face roughness R and R ; greater spindle speed; and low feed rate are preferred. Having a
higher feed rate causes the drill to exert a greater bending strain on the job sample, lead-
ing to cracking (Wang et al. 2004; Koklii et al. 2019; Kyratsis et al. 2018). A lower cutting
force is required because the fast spindle speed softens the epoxy phase, which raises the
machining interface temperature (interface of the tool and the workpiece) (Kaybal et al.
2019; Tsao 2008). Drilling problems such as fractures, fiber breakage, and matrix debonding
are reduced. A similar result and machining performance trend were noted in earlier investi-
gations of distinguished researchers (Geier and Szalay 2017; Ragunath et al. 2017). Drilling-
induced damage is highly susceptible to epoxy nanocomposite graphene oxide/carbon fiber
laminates. The GO weight% can be added to the procedure to overcome this problem.

3.4 Predictive modeling

3.4.1 Mathematical modeling of drilling parameters

The effect of process constraints on the drilling performance of polymer nanocomposites
was investigated. It was decided to conduct an ANOVA test at the 95% confidence level
to determine the influence factor on machining performance (J. Kumar et al. 2021). When
machining parameters are checked for maximum value, the Fisher test (F-value) determines
which factors have the most impact on the response (Liu et al. 2010). On the other hand, the
P-value implies that the process parameter is less than 0.05 times more significant than the
component considered important. Table 3.6 contains the results of the variance analysis for
the replies. According to Table 3.6, drilling force (7, and 7); hole quality (IN, OUT, C, R,
and R) is a little error-prone and significant. The developed mathematical models for (7}, 7,

Table 3.6 Model Adequacy for the Response

Response Error Contribution F-value P-value
T, 13.14% 86.86% 24.25 0.000
T 3.03% 96.97% 117.25 0.000
IN 13.64% 86.36% 23.22 0.000
out 8.62% 91.38% 38.85 0.000
R, 3.04% 96.96% 116.89 0.000
R, 6.07% 93.93% 56.76 0.000
C 1.51% 98.49% 239.57 0.000
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IN, OUT, R , R_, and C) are well satisfied as their characteristics (86.86%, 96.97%, 86.36%,
91.38%, 96.96%, 93.93%, and 98.49%) are very close to 1.

When the P-value for the model term is between 0.00 and 0.05, it is clear that the mean
response of the machining output is affected. The model adequacy has been confirmed to
be sufficient for further examination. The findings of this study’s analysis of variance can
predict the best possible environment for future research. Thrust, torque, delamination factor
(IN & OUT), circularity error (C), and surface roughness (R & R)) were found to be lower
during drilling of GO/CF polymer nanocomposites.

Correlations between independent and dependent process factors can be generated using
quadratic mathematical models. Egs. (3.13-3.19) illustrate the regression analysis generated
by the RSM method:

T, =25.62—-0.00183x A+ 0.3649x B+13.04x C +0.000004 x 4> —0.000354  (3.13)
x A% —0.712xC* =0.000110x 4% —0.00525x Ax C +0.0254x Bx C

T =0.0850—0.000048 x 4 +0.000406 x B +0.0037 x C +0.00250 x C* (3.14)
+-0.000031x BxC

IN =0.9313+0.000028 x A+ 0.000497 x B +0.0407 x C —0.00709 x C* (3.15)
—0.000003x 4x C +0.000009x BxC

OUT =0.9643+0.000035x A+ 0.000563 x B +0.0086 x C —0.000001x B* (3.16)
—0.00097 x C* —0.000004 x 4x C +0.000088 x BC

R, =1.2897+0.000083x 4 +0.001891x B +0.08000x C (3.17)
R, =3.829-0.000944x 4+0.01052x B+0.2137xC (3.18)
C, =0.3614-0.000143x 4+0.000966 x B+0.01263x C (3.19)

3.5 Summary of the chapter

Laminated polymer nanocomposites are the subject of this chapter, which includes an
investigation, statistical observations, and multi-criteria optimization experimental case
study during drilling. To find the most cost-effective machining conditions, the process
restrictions, such as drill speed (4), feed (B), and weight% of GO (C), were optimized.
Because of this, CoCoSo-PCA has been able to identify the ideal parametric circum-
stances. The investigation results suggest that the proposed hybridization method may be
implemented successfully. Based on the results collected, it is possible to draw the follow-
ing conclusion:

*  The previous optimization approach could not combine the competing machining per-
formances into a single objective function K.

* In the case of machining responses, PCA was designed to give weights to them since,
in most studies, the decision-makers assume that all responses have the same weight,
which produces ambiguity, inaccuracy, and mistakes in the outcomes.
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¢ Through CoCoSo-PCA, the optimal parametric combination is discovered as a useful
strategy; test results show that the predicted values are in good accord with reality.

*  The developed mathematical models for 7, 7, IN, OUT, R , R, and C, are satisfactory
as their characteristics are 86.86%, 96.97%, 86.36%, 91.38%, 96.96%, 93.93%, and
98.49%, respectively.

*  The developed model has very less error for 7, (13.14%), T'(3.03%), IN (13.64%), OUT
(8.62%), R (3.04%), R_(6.07%), and C, (1.51%), which is effectively considerably.

* A hybridization approach can address concerns about offline process performance qual-
ity and manufacture.

It shows how to use robust hybridization to machine graphene oxide doped carbon fiber
composites. Future research can study the effects of tool geometry and coated materials on
the tool, chip structure, material removal, temperature behavior, and the protection of one
health and safety. The suggested module is a thorough optimization tool that may be modi-
fied for different machining procedures. Further research into the machining environment
of nanocomposites can include other parameters such as cutter diameter, tool coating, tip
angle, coolant, etc. This chapter explains the weight assignment method, hybridization, and
mathematical modeling of the claims presented in this chapter.
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4.1 Introduction

The efficiency of a machining process is greatly dependent on turning speed. During turning
at high speed and feed rate, high heat is generated at the tool-chip interface, causing a rise in
temperature, which leads to tool wear. Tool wear starts at a relatively faster rate due to the
break-in wear caused by attrition and micro-chipping at the sharp cutting edges. Tool wear
affects the surface roughness of machined parts, which is a significant design specification.
The surface roughness of fabricated components considerably influences properties such as
wear resistance, cleanability, assembly tolerances, coefficient of friction, wear rate, and cor-
rosion resistance.

Usually, flood coolants are used to dissipate generated heat and reduce tool-chip interface
temperature. However, flood coolants using petroleum-based mineral oil have long-term
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detrimental effects on the environment [1]. Therefore, nowadays, minimum quantity lubrica-
tion (MQL) techniques are being used with environmentally friendly vegetable-based cut-
ting fluids to avoid negative effects on the environment [2—4].

MQL is rapidly being used in metal cutting machining and has established itself as
a viable alternative to traditional flood coolant in several areas. Unlike flood lubrica-
tion, minimal quantity lubrication requires only a few drops of lubricant in machining
(about 5 ml to 50 ml per hour) [5]. Today, the enormous cost-saving potential resulting
from doing almost entirely without metalworking fluids in machining production is
recognized and implemented by many companies, primarily in the automotive indus-
try. Compared to water-mixed metalworking fluids, MQL has several advantages. A
significant benefit is the much-improved skin compatibility of the operators working in
a machining environment for a prolonged time. Also, workpieces and chips are nearly
dry due to the substantial drop in lubricant quantities. It significantly decreases the
health risks posed by metalworking fluid emissions in the air and on employees’ skin
at work. Metalworking fluids do not spread all over the machine, resulting in a cleaner
working environment. With the MQL technique, the costs associated with traditional
flood lubrication (for example, maintenance, inspection, preparation, and disposal of
metalworking fluids) are no longer a concern [6—8]. MQL systems have various com-
ponents, such as fluid nozzle, pressure regulator, oil tank, air compressor, and solenoid
valve. Of these, MQL nozzle’s shapes and sizes significantly affect the lubrication
characteristics.

The nozzle is the final component before the point of application, and it determines the
shape and size of the spray pattern. Even the most exact lubricant applicator is useless if
it is not pointed precisely at the target. Therefore, the nozzle is a key component of the
entire system. Depending on the application, MQL nozzles have a variety of designs to
control lubricant spray pattern, shape, and flow rate. Excessive lubricant will adversely
affect the chip formation and be wasted, whereas inadequate lubricant oils reduce the tool’s
life. Moreover, although the oil mist of MQL has been proven to enhance the machining
quality, the tiny droplets of oil mist also easily evaporate, thus weakening the lubrication
effects during the machining process. Moreover, the appropriate droplet size of oil was also
proven to increase the penetration ability of the oil mist through the cutting zone. Since the
surface roughness in-between tool-chip and tool-work interfaces are relatively high, only
oil with a smaller droplet size can successfully pass through the cutting zone [9]. Hence,
the size of lubricant oil droplets under the MQL machining system must be fundamentally
investigated to clarify the lubricating mechanism in the cutting zone. Nozzle angle, nozzle
distance, oil flow rate, and air pressure are examples of factors affecting the droplet size of
lubricant oil [3].

Nozzle angle with respect to tool feed direction is important because the droplets of oil
mist that adhere to the insert are thrown away from the insert surface while the tool rotates
to the contact zone. Different nozzle angles can affect the spray impingement capability
and send the oil mists to drop into the target cutting zone and penetrate the tool edges.
However, if the nozzle angle is not optimum, the other positions cannot allow the MQL
lubrication to reach the cutting zone effectively. Also, the elevation of the nozzle and
stand-off distance affect the overall efficiency of the MQL lubrication [3]. Apart from
these parameters, nozzle oil, air orifice diameter, and the ratio of oil to air orifice signifi-
cantly affect the MQL droplet velocity, droplet diameter, and tool-chip interface tempera-
ture [10-12].
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In this work, the effect of oil and air orifice diameter in the nozzle and the ratio of oil-to-air
orifice diameter was studied in terms of MQL droplet velocity and droplet diameter at vari-
ous air pressure. A total of four different ratios at five different geometrical pairs are numeri-
cally studied, and their responses are presented and discussed for a better understanding of
flow parameters, like particle velocities and diameter, under varying flow rates and pressure
using ANSYS FLUENT® version 2021 R2.

4.2 Design and modelling of MQL nozzle for different
orifice ratios

A discrete phase model (DPM) is used to atomize in turbulent conditions. The Euler Lagrange
approach is used, where air is considered as the continuous phase and oil is considered as a dis-
crete phase. Turbulence with viscosity constraints is described using the k- model. In this MQL
model, oil makes up only 10% of the total volume of the mixture. Air is assumed as an ideal gas,
implying that there will be no heat transfer between the air phase and the oil phase. To analyze
the droplet dynamics, an injection model is created with DPM. The rate of injection of particles
was kept constant at 1 ps to maintain the continuity of flow. Oil droplets are assumed to be fully
spherical as per the spherical drag rule. For the breakup of particles, the Wave breakup model
was used. The Rosin Rammler model was used to determine the droplet distribution. The solu-
tions of the simulations were considered to be converging if the residues of all the variables fell
below 107*. Depending upon the parameters used in the simulations, appropriate under-relaxation
factors were chosen to tackle the non-linearity of the equations to get the desired convergence.
To study the effect of MQL nozzle orifices, they were designed in such a way that the
ratio of oil orifice-to-air orifice is in the range of 1.14—1.25. Also, the same ratio of 1.25 was
studied twice by changing the oil orifice and air orifice to study the effect of individual oil
and air orifice parameters in MQL nozzles. The orifice ratio range corresponds to the normal
range of 1.1-1.3 for air-atomizing nozzles. A total of four different ratios by using five differ-
ent configurations of oil and air orifice were designed and modeled in ANSYS FLUENT® as
listed in Table 4.1. The design of a two-dimensional (2D) nozzle model with 1.16 oil-to-air
orifice diameter ratio, using details provided by the Spraying Systems Co., USA, is shown
in Figure 4.1. This modeled nozzle has a 0.6 mm air aperture and a 0.7 mm liquid opening.

4.2.1 Meshing and boundary conditions

In Gambit 2.3.16, 2D views of the model shown in Figure 4.1 were used to construct a mesh.
In all regions, the conventional quadrilateral element type was used for meshing due to its
less computational time. Figure 4.2 shows the MQL atomizer nozzle domain within the
atmosphere virtual box with different regions.

Table 4.1 Chosen Dimensions for Oil and Air Orifice Diameter and the Corresponding Ratio

S. No. Oil orifice Air orifice Ratio
diameter diameter

| 0.8 0.7 .14

2 0.7 0.6 .16

3 0.6 0.5 1.20

4 0.5 0.4 1.25a

5 0.75 0.6 1.25b
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Figure 4.1 2D model of a nozzle with orifice ratio of I.16.

Air Stream
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Figure 4.2 Design of the minimum quantity lubrication atomizer nozzle domain within the atmosphere
virtual box with different regions.

Figure 4.3 shows the meshing of the entire domain. Fine mesh element size was chosen
near the nozzle opening, and coarse mesh was used for the virtual atmosphere to reduce
computational time. The element sizes of oil and air streams were around 0.5 mm, and
particle properties were examined in the atmospheric domain having a finer resolution of
0.1 mm. As mass transfer occurs and severe turbulence is envisaged, the element size in the
mixing zone is reduced to approximately 0.05 mm.

The boundary conditions for various regions were determined depending on the constant
inputs provided for that region. As the air was supplied at constant pressure (2, 3, and 4
bar) from that boundary, the air stream input boundary was designated as a “pressure inlet”.
Similarly, the oil stream input and boundaries of the wall were selected as mass flow inlet
and pressure outlet, respectively. Different domains, such as oil/air streams, mixing area, and
nozzle outlet, were separated using the “interior”” boundary condition.
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Air stream SE2

:
8

Figure 4.3 Mesh model of the designed MQL nozzle.

4.2.2 Mist formation in minimum quantity lubrication

MQL nozzle has an atomizer to form a mist comprising lubricant and compressed air. Lubri-
cant and pressurized air are forced together through an atomizer to form small ligaments,
which may be attributed to the energy along with the geometry of the nozzle. Pressurized
air further divides the lubricant into a small bunch of drops. These nano-sized lubricant
droplets/mists are applied at the machining zone to dissipate heat and reduce friction as well
as temperature. As the amount of lubricant is minimum, this technique is known as MQL.

4.3 Results and discussions

4.3.1 Effect of air pressure and oil mass flow rate on
MQL mist droplet velocity

MQL mist droplet velocity majorly depends on the diameter of the nozzle orifice. Mist drop-
let velocity directly impacts drift characteristics, interface friction, and surface roughness
of the machined material. Mist droplets with different velocities lead to different scenarios.
Figures 4.4—4.6 show the magnitude of MQL mist droplet velocity at varying lubricant mass
flow rates and air pressures. Figure 4.4 (a-c) shows the mist droplet velocity at varying air
pressures of 2, 3, and 4 bar with an oil mass flow rate of 60 mL/h and a constant nozzle
orifice ratio of 1.16. Similarly, Figure 4.5 (a-c) and Figure 4.6 (a-c) show the mist droplet
velocity at varying air pressures of 2, 3, and 4 bar with oil mass flow rates of 80 mL/h and
100 mL/h and a constant nozzle orifice ratio of 1.16.

From Figure 4.4 (a-c), it was observed that the mist droplet velocity increases with an
increase in air pressure. At the air pressure of 2 bar and mass flow rate of 60 mL/h, the
maximum mist droplet velocity was 2.81 x 10> m/s (see Figure 4.4 (a)). However, at the air
pressure of 4 bar, the maximum observed droplet velocity was 3.90 x 10*m/s (see Figure 4.4
(c)). Figure 4.7 shows the effect of varying oil mass flow rate and air pressures at a constant
nozzle orifice ratio of 1.16 on MQL mist droplet velocity.
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Figure 4.4 Particle track contours showing particle velocity of oil droplets at a constant mass flow
rate of 60 mL/h as well as orifice ratio of 1.16 and varying air pressures of (a) 2 bar, (b) 3
bar, and (c) 4 bar.
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Figure 4.5 Particle track contours showing particle velocity of oil droplets at a constant mass flow rate
of 80 mL/h as well as orifice ratio of I.16 and varying air pressures of (a) 2 bar, (b) 3 bar, and
(c) 4 bar.
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Figure 4.6 Particle track contours showing particle velocity of oil droplets at a constant mass flow
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Figure 4.7 Influence on oil droplet velocity at varying oil mass flow rate and air pressures at a constant
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From Figures 4.4-4.7, it was observed that in most cases, with an increase in oil mass
flow rate, the oil droplet velocity reduces. However, with an increase in air pressure, the oil
droplet velocity increases. At low air pressure, oil gets more time for atomization resulting
in low droplet velocity. However, at a higher air pressure, fine atomization of oil droplets
takes place, which leads to higher droplet velocity. Usually, low mist droplet velocity leads
to a larger droplet diameter that faces difficulties in penetrating in-between the tool-chip
interface. In contrast, high mist droplet velocity leads to a small droplet diameter, which
may bounce off from the cutting zone. In both cases, machining performance may not be
optimum. Therefore, optimum droplet velocity and droplet diameter are important to study.

4.3.2 Effect of nozzle orifice ratio on MQL mist droplet diameter

Figure 4.8 (a-c) shows the MQL mist droplet diameter at varying air pressures of 2, 3, and 4
bar with an oil mass flow rate of 60 mL/h and a constant nozzle orifice ratio of 1.16. Figures
4.9 (a-c) and 4.10 (a-c) show the mist droplet diameter at varying air pressures of 2, 3, and
4 bar, with oil mass flow rates of 80 mL/h and 100 mL/h and a constant nozzle orifice ratio
of 1.16.

From Figure 4.8 (a-c), it was observed that the mist droplet diameter reduces with an
increase in air pressure. At the air pressure of 2 bar and mass flow rate of 60 mL/h, the maxi-
mum mist droplet diameter was 3.81 um (see Figure 4.8 (a)). However, at the air pressure of
4 bar, the maximum observed droplet velocity was 2.42 pm (see Figure 4.8 (c)). Figure 4.11
shows the effects of varying oil mass flow rates and air pressures at a constant nozzle orifice
ratio of 1.16 on average MQL mist droplet diameter.
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Figure 4.8 Particle track contours showing particle diameter of oil droplets at a constant mass flow
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Figure 4.1 1 Effect of air pressure and oil mass flow rate on mist droplet diameter at a constant nozzle
orifice ratio of 1.16.

It is observed that the air pressure significantly affects the mist droplet diameter, which, in
turn, affects the volume-to-surface area ratio. Small droplet diameters result in poor penetra-
tion in-between the tool-chip interface, and high droplet diameters are difficult to carry up
to the cutting zone. At the same time, the oil mass flow rate has an almost negligible effect
in the tested range. For better machining efficiency, the objective is to optimize the mist oil
droplet diameter as well as mist droplet velocity.

4.3.3 Effect of nozzle orifice ratio on MQL mist droplet velocity
and droplet diameter

Figure 4.12 shows the MQL mist droplet velocity at a constant air pressure of 2 bar with four
different nozzle orifice ratios and two different geometrical configurations for a ratio of 1.25.
Figure 4.13 shows the contour of particle mist droplet velocity at an air pressure of 2 bar and
an oil mass flow rate of 60 mL/h at five different nozzle orifice ratios.

Figure 4.14 shows the MQL mist droplet diameter at a constant air pressure of 2 bar with
four different nozzle orifice ratios and two different geometrical configurations for a ratio of
1.25. Figure 4.15 shows the contour of particle mist droplet diameter at an air pressure of 2
bar and an oil mass flow rate of 60 mL/h at five different nozzle orifice ratios.

From Figures 4.12-4.15, it was observed that the nozzle orifice ratio significantly affects
the MQL mist droplet velocity as well as droplet diameter. With an increase in the nozzle
orifice ratio from 1.14 to 1.25, MQL mist droplet velocity reduces. At the same time, with an
increase in nozzle orifice ratios, MQL mist droplet diameter increases. For the nozzle orifice
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Figure 4.12 Influence of oil mass flow rate and nozzle orifice ratios on mist droplet velocity at a con-
stant air pressure of 2 bar.
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Figure 4.13 Particle track contours showing the velocity of oil droplets at a constant air pressure of
2 bar, oil mass flow rate of 60 mL/h, and varying nozzle orifice ratios of (a) |.14, (b) 1.16,
(c) 1.2,(d) 1.25a,and (e) 1.25b.
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Figure 4.14 Influence of oil mass flow rate and nozzle orifice ratios on mist droplet diameter at a
constant air pressure of 2 bar.
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Figure 4.15 Particle track contours showing the diameter of oil droplets at a constant air pressure of
2 bar, oil mass flow rate of 60 mL/h, and varying nozzle orifice ratios of (a) 1.14, (b) 1.16,
(c) 1.2,(d) 1.25a,and (e) 1.25b.
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ratio of 1.25, two different oil orifice diameters and air orifice diameters were chosen, as
listed in Table 4.1. In both cases, the MQL mist droplet velocity and droplet diameter were
different, which shows that apart from the orifice ratios, oil and air orifice diameters also
affect the characteristics of the mist droplet. This study can help select an optimum oil mass
flow rate, air pressure, and nozzle orifice ratio for any MQL machining.

4.4 Conclusion and future work

In this chapter, computational fluid dynamic analysis of MQL mist droplets was carried out
with varying air pressures, oil mass flow rates, and nozzle orifice ratios. A discrete phase
model was developed in ANSYS FLUENT?®, and meshing was done using Gambit 2.3.16.
The effect of air pressure, oil mass flow rate, and nozzle orifice diameter on MQL mist drop-
let velocity and droplet diameter was studied using computational fluid dynamics. It was
observed that the air pressure and nozzle orifice ratio significantly affect the characteristics
of oil droplets. At the same time, the oil mass flow rate shows a negligible effect on droplet
characteristics in the tested range. To obtain a nozzle orifice ratio of 1.25, two different oil
orifice diameters and air orifice diameters were tested. In both cases, significantly different
droplet characteristics were observed, which gives another parameter to consider for future
work. The optimum nozzle orifice ratio and other related parameters can reduce cutting tem-
perature and tool-chip interface friction.
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Machining involves different processes to remove excess material and shape modification
to achieve desired product dimensions [1, 2]. It is necessary for the smooth operation of the
modern world and is an essential part of manufacturing things. During machining, most
energy generated due to plastic deformation of the workpiece gets converted into heat. Fric-
tion between the tool and the flowing chip interface also generates heat, which increases
tool temperature. Exposers to the high heat negatively impact the tool (tool wear, thermal
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cracking of tool), the workpiece (poor product quality, high surface roughness, dimensional
inaccuracy), and overall productivity [3, 4]. The heat generated due to the breakage of the
chemical bond of a workpiece (chip formation) cannot be avoided, and most of this heat is
removed with the chip. While heat generated due to friction between the tool and chip can
be reduced by cooling and lubrication with effective metalworking fluids (MWFs) [2]. The
use of MWFs can be traced back to the beginning of human civilization. From inception till
the second half of the 19th century, MWFs were composed of vegetable oils and animal fats.
Due to various types of vegetation and seasons across the world, various types of vegetable
oils are used. With the discovery of mineral oil in the second half of the 19th century, a
paradigm shift occurred. Slowly, mineral oil replaced vegetable oil and animal fats in almost
all the applications of MWFs. Mineral oil still dominates the MWFs industry (over 85%),
and vegetable oil-derived MWFs are used in places where mineral oil is not suitable [4]. The
majority of existing MWFs, particularly mineral-based, are not sustainable due to perfor-
mance limitations and negative impacts on the environment (soil and water pollution due to
leakage and disposal) and operator’s health (cancer, skin irritation, and chronic respiratory
problems) [2]. Current and future demand for MWFs not only depends on economic but also
on environmental factors; the occupational health hazards of mineral oil-based MWFs and
their performance limitations are the driving force for the development of environmentally
benign MWFs. Scientists, MWFs manufacturers, and tribologists are relentlessly pursuing
effective alternatives to replace mineral oil-based cutting fluids.

The primary focus has been to develop harder tools by tailoring tool compositions and/or
introducing new tool materials [5, 6]. In addition, various high-temperature resistant mul-
tilayered coating is being explored to further enhance the tool’s hardness [7-9]. The other
approaches revolve around either softening the workpiece locally using thermally enhanced
machining (e.g., laser-assisted machining) [10, 11], reducing cutting temperature using
enhanced cooling techniques (e.g., cryogenic coolants) [12—15], or lubricating tool-work-
piece interface [minimum quantity lubrication (MQL)] with an overall aim to reduce friction
and enhance productivity [16-23]. The cryogenic cooling of the tool-workpiece interface is
achieved by a cryogenic medium, such as liquid nitrogen (boiling point: —=196°C). Cryogenic
cooling is particularly applied for difficult-to-cut materials, such as Inconel, titanium, etc.
[24-26], and it can further be used to enhance the machined surface quality [15, 27-29].
Few studies have reported the advantages of combining cryogenic methods with MQL and
claimed improved performance [27, 30]. Another approach has been to develop new addi-
tives that impart specific properties to MWFs (see Figure 5.1). Room temperature ionic
liquids (RTILs) and nanolubricants are promising candidates for effective lubrication of the
tool-workpiece interface and an alternative to harmful additives [31, 32].

5.2 Health hazards of metal working fluids and need
for sustainability

The demand for high-performance MWFs grew with rapid industrialization in the 20th
century. The aviation and automotive industries promoted the relentless pursuit of efficient
and high-performance MWFs to enhance productivity in mass production. Various chemi-
cal compounds were explored using the principle of “Trial and error”, and it was observed
that the addition of sulfur, chlorine, or boron and phosphorus compounds improved per-
formance under high pressure [33-35]. A large number of common compounds earlier
used in MWFs are no longer permitted due to their adverse effects on operator health and
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the environment [2]. For instance, additive groups such as chlorinated compounds, amine
groups, and boric acid are strictly prohibited from being used in MWFs due to their carci-
nogenic nature and other adverse health effects [36]. Animal studies on exposure to nitrosa-
mine and a few polycyclic aromatic hydrocarbons showed their carcinogenic properties in
animals; hence, these compounds are also no longer available for formulating MWFs [2, 37].
Currently, several regulatory organizations, such as Registration, Evaluation, Authorization,
and Restriction of Chemicals (Reach), Environment Health and Safety (EHS), etc., have set
stringent regulations and limited the use of harmful volatile organic compounds and biocides
[2, 36-38]. Other than regulations, the cost and the availability of MWFs impact the applica-
tion in the manufacturing process. Modern MWFs are composed of over a dozen types of
performance additives, and a majority of oil-based emulsions are still derived from mineral
oil. With the evolution of technology and developmental methods, new economic base flu-
ids and additives with lesser environmental impact compared to mineral oil are relentlessly
explored. Vegetable and synthetic easter-based MWFs are biodegradable and eco-friendly
and have shown promising potential as an alternative to mineral oil [35]. Particularly, veg-
etable oils have shown better lubricity than mineral oil, but lower oxidation stability and
microbial growth might occur during storage. This limitation can be overcome using addi-
tives such as antioxidants, biocides to limit microbial growth, corrosion inhibitors, anti-foam
agents to limit foam formation, etc. [35, 39-41].

5.3 What are MWFs?

MWFs are supplied between the tool and workpiece interface, with a specific focus on
reducing power consumption and enhancing product quality and overall productivity.
Even with the same chemical composition, these MWFs, based on the machining process,



Metalworking fluid for sustainability 61

may be loosely termed as cutting oil, forming oil, grinding oil, etc. German Institute for
Standardization (DIN-51385) categorizes MWFs in two broad categories, that is, water-
based and oil-based. Oil-based MWFs can further be classified as straight oils (neat oils),
soluble or emulsifiable oils (30-85% refined petroleum oil + water), semi-synthetic oils
(5-30% severely refined petroleum oil+30-50% water + other additives), and synthetic oils
(detergent-like compounds and other additives). Commercial MWFs are formulated from
base stocks (mineral, synthetic, or vegetable base oils) and might contain performance
enhancers called additives.

5.3.1 Mineral oil and its application as MWFs

Since its inception, human civilization was dependent on vegetable oil till the drilling of the
first oil well (the year 1859 at Titusville, Pennsylvania, USA) in the second half of the 19th
century [35]. Due to superior stability and cost-effectiveness, mineral oils rapidly replaced
vegetable oil, which facilitated rapid industrialization in the 20th century. Currently, the
majority of MWEF’s market share comprises conventional (mineral-based) oils. The crude
oil obtained from beneath the earth is a cheap source of many products (fuels, chemicals
for industries, and lubricants) essential for the modern world [3]. Crude oil is composed of
organic compounds (primarily hydrocarbons) and some residuum (contaminant of metal
and metal salts), and their composition varies greatly attributed to changes in density, wax
content, sulfur content, and geographical location [35]. The organic parts can further be
categorized as hydrocarbons (paraffinic, naphthenic, and aromatic), asphaltenes, aromatics,
hetero-organic compounds, and resins, with atomic nitrogen, sulfur, and oxygen in their
structures. These complexities make it extremely difficult to know the exact chemical struc-
ture of mineral oil and hence are generally categorized based on viscosity, sulfur content,
and degree of refining (API group 1, 2, 3) [35].

As discussed above, mineral oils used as cutting fluids are primarily composed of hydro-
carbons (each molecule comprising almost 30 carbons) along with few impurities and might
further consist of additives (phosphorous, sulfur, and chlorine) to improve extreme-pressure
performance under severe working conditions [35]. Based on task-specific application, min-
eral oil is enriched with other additives and might further be categorized as straight, sulfu-
rized mineral oil, fatty mineral oil, sulfurized fatty mineral oil, sulfochlorinated mineral oil,
fatty mineral oil, and water-soluble oil [3]. Straight mineral oil does not contain any addi-
tives and provides poor tool protection. Hence, it is recommended for light-duty operation.
Contrarily, sulfurized mineral oil contains sulfur and during cutting operation forms sulfide-
rich protective film on the tool resulting in improved machining parameters (decreased built-
up edge, friction, and heat generation). This type of MWF is suitable for tough tools and
ductile workpiece materials. Fatty oils are known to provide excellent lubricity by increasing
wettability and are generally preferred where surface finish and precision are paramount.

5.3.2 Synthetic oil and its application as MWFs

Contrary to mineral oil, synthetic oils have known molecular structures and give predict-
able behavior. Mineral oils, due to complexities, residuum, and unknown molecular struc-
ture, may not give predictable behavior [35]. Synthetic processes enable molecules to be
built in a laboratory using chemistry (polymerization, esterification, and alkylation) from
simpler substances to give the precise or desired oil properties [3, 35]. In this chapter, the
term “synthetic” is exclusively used to refer to man-made compounds used for lubrication.
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Even though mineral oils are economical and abundant, they have several disadvantages
compared to synthetic oils, such as relatively poor oxidation stability, shear-thinning, lower
flash and fire points, higher pour point, etc. [35, 42]. This makes synthetic oil valuable blend-
ing components for MWF formulation to operate under extreme service conditions (both
high and low temperatures). Synthetic-based MWFs are preferred only for specialized appli-
cations where mineral oil cannot be used [3]. It is well known that MWFs derived from
synthetic base oil inherit better thermos-oxidation and chemical stability than mineral oil.
Synthetic oils can be classified into seven categories based on chemical compounds [3, 35]:
(1) Synthetic hydrocarbon polymers (polybutenes, alkylated aromatics, and polyalphaole-
fins), (2) Phosphate esters, (3) Carboxylate esters (polyol esters and aliphatic esters), (4)
Silicon compounds (silicate esters and silicones), (5) Poly-alkylene glycols, (6) Halogenated
hydrocarbons, and (7) Poly-phenyl ethers. Based on their chemical structures, these syn-
thetic oil groups possess distinct physicochemical properties and costs. MWFs formulated
from a synthetic hydrocarbon can be economically as close to mineral oil and may give
superior performance to mineral oil [3]. In addition, synthetic oils have low-temperature
fluidity, stable at extreme temperatures and pressure but are economically restrictive and are
in limited supply.

Polybutene is non-toxic synthetic oil and is generally used for metallic aluminum. Poly-
butene easily depolymerizes, resulting in negligible staining or deposition on the workpiece,
even at elevated temperatures. It forms a stable emulsion and is resistant to biodegradabil-
ity, making it less prone to microbial attack and hence longer operational life [3]. Another
important synthetic oil is PAG (poly alkyl glycols), which is generally blended with water
for lubrication while water acts as a coolant. PAG added in water does not affect the lubrica-
tion properties of PAG and also imparts other desirable properties such as hydrolytic stabil-
ity, excellent penetrating and wetting, non-corrosiveness, resistance to microbial attacks, and
non-toxicity [3, 35]. At elevated temperatures, PAG solubility decreases, and the released
PAG from the solution is adsorbed on metallic surfaces (protective film), resulting in better
lubrication.

5.3.3 Vegetable oil and its application as MWFs

Vegetable oils are renewable and inherit several desirable properties, such as extremely
low toxicity, eco-friendliness, and sustainability, making them a popular alternative to
mineral oil-based MWFs. Vegetable oils are obtained from plants and are composed of
fatty acids and glycerols. Each molecule of vegetable oil is composed of glycerol linked
to three long-chain fatty acid molecules, as shown in Figure 5.2 [4, 35]. Free fatty acids
of vegetable oil consist of a polar part that has a great affinity towards metallic surfaces,
forming an adhesive film, resulting in excellent lubricity. Further, vegetable oil has a high
flash point, which not only eliminates fire and smoke risks but also enables operation at
high temperatures [4].

Table 5.1 lists some of the popular vegetable oils explored for cooling and lubrication,
along with important physicochemical properties. The inherent properties of vegetable oil,
such as high flash point, high viscosity index, excellent lubricity, biodegradability, renew-
able nature, and disposability, make them a potential alternative to mineral oils. Vegetable
oil-based MWFs are often very efficient and have found application in many machining
processes, such as milling, drilling, grinding, and turning [43]. Table 5.2 lists sustainability
studies of vegetable oil-based MWFs along with important observations.
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Figure 5.2 Molecular structure of vegetable oil.

Table 5.1 List of Popular Edible and Non-Edible Vegetable Oil Along With Their Respective Physico-
chemical Properties

SI.No. Oil Kinematic viscosity Density at Cloud Flash Oxidation stability
at 313 K (cSt) 298 K (kg/m?) point (K)  point (K) at 383 K (h)
Edible oils
| Palm 5.72 875 286 438 4.0
2 Rice bran 4.95 886 273.3 591 0.5
3 Peanut 4.92 882 278 450 2.1
4 Olive 452 892 - 591 34
5 Sunflower 4.45 878 27642 525 0.9
6 Rape seed Oil  4.45 880 269.7 525 7.5
7 Soybean 4.05 885 274 598 2.1
8 Linseed 3.74 890 269.2 451 0.2
9 Coconut 2.75 805 273 598 354
Non-edible oils
| Rubber seed oil 31.4 8709 (at 313 K) - = - e
2 Castor oil 15.25 898 259.5 533 1.2
3 Neem 5.20 885 287.5 317 72
4 Jatropha 4.82 878 275.75 409 23
5 Karanja 4.80 918 282 423 6.0
6 Tobacco 4.25 87 - 439 0.8
7 Mahua 3.40 850 0 - 483 -




Table 5.3 Sustainability Studies of Vegetable Oil-Based MWFs Along With Important Observations

SrNo.  MWFs compositions Machining process Workpiece and tool Main findings References
material
| Rapeseed oil, ester oil,  Drilling Workpiece - AlSI 316L  All formulated vegetable oil outperformed Belluco et al.
and meadowfoam oil, Tool - HSS-Co commercial mineral oil and showed a maximum [44]
along with sulfur and of 177% enhancement in tool life.
phosphorus additives
2 Four vegetable oils, Turning Workpiece - Mild The cutting force depends on materials. Ojol et al.
that is, groundnut, steel, copper, and As per the highest reduction of cutting forces: [45]
palm kernel oil, aluminum rods Groundnut > shear butter oil > palm kernel oil >
coconut oil,and shear Tool - Tungsten coconut oil
butter oil carbide
3 Vegetable oil Turning under dry, ~ Workpiece AISI - 9310  MQL decreased cutting zone temperature, Khan et al.
wet and VMQL alloy steel resulting in improved chip formation mode, surface [46]
Tool - Carbide, TTS, finish, and wear at a wide range of cutting speeds.
SNMG Wet cooling performed poorly and severity
increased with the increase in cutting speed.
4 Sunflower oil Turning under dry; ~ Workpiece -Inconel- Compared to dry machining conditions, the N2 Gupta et al.
wet; and VMQL, 800 cooling conditions lowered overall machining [47]
NMQL, and N, Tool - Carbide, cost by 9.3%, carbon emissions by 49.17%, and
cryogenic cooling. CNMG120408 tool wear by 46.6%.
5 Vegetable oil Turning under dry, ~ Workpiece - Hastelloy ~ Vegetable oil using MQL machining exhibits Singh et al.
wet, and VMQL C-276 lower cutting temperatures, lower chip reduction  [48]
Tool - CNMG120408 coefficient, and excellent surface quality.
6 Vegetable oil Turning under wet,  Workpiece - AlSI 4140  MQSL and VMQL outperformed wet and dry Makhesana
VMQL, and MQSL Tool - CNMG 120 machining, and VMQL in machining enhanced etal.
energy efficiency, sustainability, and product [49]
quality.
7 Canola oil End milling under Workpiece - MQL with vegetable oil gave the finest surface Shukla et al.
dry, wet, and Aluminum 606 | and lowest tool wear and was superior compared  [50]
VMQL Tool - TiAIN-coated to dry and flood cooling conditions.

carbide
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A mixture of aloe
vera and cottonseed
oil

Three vegetable oils
(Palm, coconut, and
sunflower oils)

1). Jojoba

2). Mineral oil (LRT 30)

Vegetable Oil
(Rapeseed) and AL,O,

Coconut oil and
soluble oil

Synthetic ester and
palm oil

Turning under
MQL

Turning under
MQL

Turning under
VYMQL and NMQL

Turning under
VMQL and NMQL

Turning under dry,
wet, and VMQL

Drilling under air
blow, wet, MQL,
and VMQL

Workpiece - M2 Steel
Tool - Carbide tool

Workpiece - AlSI 304
Tool - Carbide tool

Workpiece - Ti-6Al-4V
Tool - MEGACOAT
PVD-coated carbide

Workpiece -
Austempered ductile
iron

Tool -
CNMG120416MR2
Workpiece - AlSI
1040

Tool - Tungsten
carbide

Workpiece - Ti-6Al-4V
Tool - Uncoated
tungsten carbide

Formulated vegetable oil outperformed mineral
oil with respect to surface roughness and tool
wear.

Sunflower oil outperformed the other two
vegetable oils in terms of chip compression ratio
and surface roughness.

MQL machining with jojoba oil results in a
35-47% reduction in surface roughness, cutting
force, and tool wear.They claimed that jojoba oil
with MoS, NP is a good sustainable option for
machining.

MQL-nano-fluids improved the interface
adhesion between the workpiece and the tool,
which, in turn, enhanced machinability.

The MQL technique with coconut oil as a base
fluid resulted in a considerable reduction in
coefficient of friction, tool wear, chip morphology,
and surface finish.

This study concludes that the MQL technique
can be used to replace the flood cooling
technique in terms of reducing pollution and
enhancing safety and health. Further, palm oil is a
reasonable substitute for synthetic ester.

Agarwal et al.

B

Majak et al.
(2]

Gaurav G et al.

[>3]

Eltaggaz A et al.

[>4]

Ajay B et al.
[53]

Rahim et al.
[56]

* MQL: Minimum Quantity Lubrication,VMQL: MQL with vegetable oil, NMQL: MQL with nano-fluids
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Belluco et al. conducted a comprehensive study exploring direct comparative perfor-
mance among two commercial and four vegetable oil-based formulated MWFs enriched
with surface and phosphorus additives for drilling the AISI 316L workpiece [44]. Their
group quantitatively studied the performance of MWFs with respect to tool life, tool
wear, thrust force, and tangling of chips. They observed that formulated MWFs outper-
formed commercial mineral oil in every parameter and the most significant improvement
of 177% was for tool life and a 7% reduction of the thrust force. Ojolo et al. explored the
effect of cutting force for various vegetable oil (groundnut, palm kernel oil, coconut oil,
and shear butter oil) and workpiece materials (mild steel, copper, and aluminum rods) for
turning operation [45]. They reported that cutting force is highly influenced by material
properties and feed rate. For instance, at a lower feed rate, groundnut oil registered the
lowest cutting force for aluminum, while at a higher feed rate, it performed better for turn-
ing copper. Overall, groundnut oil gave excellent product quality and showed the lowest
cutting force compared to the other three oils. Khan et al. reported that cutting zone tem-
perature increases due to friction between the tool-workpiece interface, which negatively
influences product quality and needs to be minimized [46]. Higher material removal rate
(MRR) and specific energy consumption increase cutting temperature, which impacts
tool life, cutting force, and mode of chip formation. Generally, the majority of the heat
generated in the primary shear zone is taken away by the chip, but the heat generated in
the secondary shear zone due to friction between the tool and workpiece increases the
cutting zone temperature and negatively impacts product quality. The conventional cool-
ing method uses a large quantity of coolant and attempts to provide bulk cooling to the
tool and workpiece interface but fails to provide effective lubrication and subsequently
minimizes heat generation. This happens due to the inability of coolant to enter in bulk
contact between the flowing chip and tool rake surface, which becomes more severe with
the increase in cutting velocity. Therefore, a process that can minimize friction between
the tool and workpiece interface becomes intuitive for enhanced machinability and prod-
uct quality. MQL provides a protective lubricant film between the flowing chip and tool
interface, resulting in an overall decrease in cutting zone temperature and, subsequently,
productivity. They observed a 10% reduction in cutting temperature under MQL lubrica-
tion compared to conventional wet lubrication and concluded that this cutting tempera-
ture decrease significantly improved other machinability indices. Gupta et al. explored
the sustainability of various cooling/lubrication methods, such as dry, nitrogen cooling,
MQL with vegetable oil, and MQL with nanolubricant for machining Inconel-800 [47].
Their group estimated carbon emission, energy consumption, cost, etc., during turning
operation and clubbed these parameters to obtain sustainable indicators. They published
a surprising observation that nitrogen cooling is the most sustainable and outperformed
other lubrication methods in all parameters. Nitrogen cooling gave the highest tool life,
which directly improved machining time and overall efficiency compared to other cool-
ing/lubrication methods. Following is their order of performance compared to the dry
machining.

Nitrogen cooling (9.3%) > NMQL (6%) > MQL (2.3%)

The excellent performance of NMQL could be attributed to a decrease in friction between
chip tool interfaces due to graphene nanoparticles resulting in lower cutting zone tempera-
ture. On the other hand, cryogenic cooling removed relatively more heat from the cutting
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zone resulting in lower energy consumption. The order of performance with respect to total
energy consumption compared to the dry lubrication method is reported as follows.

Nitrogen cooling (11.3%) > NMQL (9.4%) > MQL (7.5%) @ cutting speed of 100 m/min
Nitrogen cooling (13.5%) > NMQL (11.3%) > MQL (5.5%) @ cutting speed of 200 m/min

Energy consumption is directly related to carbon emissions during the machining process.
The lowest carbon emission was observed for nitrogen cooling, as given below.

Nitrogen cooling (49.17%) > NMQL (32.81%) > MQL (13.47%)

They further observed the lowest tool wear due to the ability of cryogenic cooling to remove
a significant amount of heat, as given below.

Nitrogen cooling (46.6%) > NMQL (36.3%) > MQL (12.1%)

Finally, they concluded that ecological benefits and machining parameters make cryogenic
cooling relatively more sustainable compared to other colling methods for Inconel-800 alloy.

Makhesana et al. compared VMQL (vegetable oil MQL) and MQSL (minimum quantity
solid lubricants) with dry and wet lubrication for machining steel (AISI 4140) with a carbide
tool [49]. Their group assessed these lubrication/cooling methods for machining performance
(cutting temperature, surface roughness, and tool life) and sustainable parameters (energy
consumption, machining efficiency, and carbon emission). They observed that MQSL and
VMQL decreased surface roughness by 20% and 27%, respectively, compared to dry con-
ditions at 100 m/min cutting speed. Interestingly, at a cutting speed of 170 m/min, MQSL
and VMQL showed excellent improvement of 41% and 45%, respectively, which could be
attributed to effective cooling and lubrication provided by MWFs, while in the absence of
any additive, dry condition lacked any surface protection. Due to friction reduction and high
heat dissipation capability of the VMQL, oil cutting temperature was reduced by 31% and
18% compared to dry and wet conditions, respectively. Carbon emission depends on total
energy consumption, and they reported 35 and 36% carbon emission reduction (depends on
total energy consumption) for MQSL and VMQL, respectively, while tool wear reduction
was observed to be 64% and 70%, respectively. They further made a camera comparison
of chips formed under different machining conditions (a) Dry, (b) Wet, (¢) VMQL, and (d)
MQSL. Under dry and wet machining conditions, snarled chips were formed due to severe
plastic deformation of the workpiece, resulting in poor surface quality and accelerated tool
flank wear. Under MQSL and VMQL lubrication, fragmented chips with thin and narrow
curls were formed due to effective lubrication and cooling (by compressed air), resulting in
improved surface finish and tool wear.

Shukla et al. investigated the effects of feed, cutting speed, and depth of cut on the sur-
face roughness under three machining conditions, such as flood, dry, and MQL, for the
machining of Aluminium alloy (Al 6061-T6) [50]. They observed that an increase in cut-
ting speed decreased surface roughness for all machining conditions. Further, at higher feed
and depth of cut and lower cutting speed, the MQL showed better improvement in surface
roughness. Machining under dry conditions resulted in poor performance with respect to
cutting forces, tool life & cutting temperature [56]. Rahim et al. observed that MQL palm oil
recorded lower cutting temperature & cutting force than MQL with synthetic ester, which



68 Pandi Jyothish, Upendra Maurya, and V.Vasu

was closely approaching flood cooling [56]. This was attributed to the generation of a thin
self-lubricating film, resulting in friction reduction and a subsequent decrease in heat. They
further concluded that the MQL could be used to replace the flood cooling technique with
respect to pollution reduction and improvement of the health and safety of the operator. At
the same time, the inclusion of palm oil is not only advantageous in terms of biodegradabil-
ity but could also improve cooling and lubricating ability compared to MQL with synthetic
ester. Under MQL conditions, they claimed that palm oil could be a reasonable substitute
for synthetic ester. Ajay Vardhaman et al. evaluated the influence of cutting fluids on fric-
tion coefficient, tool wear, chip morphology, and surface quality for machining AIST 1040
material under wet, dry, and MQL with coconut oil [55]. They reported excellent wettability
of the carbide tool resulting in better lubrication and lower friction. They observed a 33.7°
wettability angle for coconut oil which was significantly higher than conventional cutting
fluid hence a better lower coefficient of friction, tool wear, and improved product quality.

5.4 Additives

The bulk of the MWFs properties depends on the base fluid (mineral, synthetic, and bio-
based). This means if base oil is fire-resistant and biodegradable, then the formulated MWF
is most likely to be fire-resistant and biodegradable. Neat base oil is generally not adequate
for dynamic operating conditions and may require performance-enhancing compounds
called additives (listed in Figure 5.1) to be blended into the base oil. Most of the additives
used in commercial MWFs are not sustainable and negatively impact ecology. Ionic liquids
and nanoparticles are green alternatives and possess the potential to replace harmful addi-
tives and, at the same time, meet the dynamic operating conditions of the future MWFs.

5.4.1 lonic liquids and their performance as MWFs

Ionic liquids are entirely made up of ions (cation and anion) [57, 58]. Nowadays, in scientific
literature and general use, the term “ionic liquids™ refers to the ionic compounds that are in
a liquid phase below 100°C, while the ionic compounds having a melting temperature above
100°C are loosely termed “molten salt”. Tonic liquids are also called “designer solvents”
for the possibility of obtaining desired physicochemical properties by altering cations and
anions (tunability). For instance, by altering cations and anions or both, viscosity, water
miscibility, corrosive resistance, and polarity can be tuned for task-specific applications [59].
Ionic liquids inherit several desirable properties, such as negligible vapor pressure or non-
volatility at ambient conditions, noncorrosive, nonflammable, excellent thermal stability,
tunable polarity, solubility, basicity, acidity, etc. [60, 61]. Compared to hazardous volatile
organic compounds (VOCs), ionic liquids are often considered green solvents since they
have an extremely low vapor pressure. Table 5.3 lists the ionic liquids used in MWFs formu-
lation along with important findings.

The first study of ILs in machining was reported by Pham et al. in 2014 [62]. Their group
used two ILs with different viscosity for machining aluminum workpieces as neat oil and
observed better performance than conventional oil. A couple of other groups attempted to
use ILs as an additive in metalworking fluids (MWFs), but most of the initial ILs were
immiscible in the base oil, so their emulsion was used for machining purposes [31, 32, 69].
Just over half a dozen studies exploring an ionic liquid’s potential for machining oil appli-
cation have been reported to date, as shown in Table 5.1. The table lists the pair of cation



Table 5.3 List of lonic Liquids Used in MWF Formulation, Along With Important Findings

Sr. Cation anion MWF % of ILs Workpiece and tool ~ Machining Important findings References
No material method
Neat lonic Liquid as MWF
| EMIM NTf, - 100% Aluminum & Three-axis Performed better or equal to Pham et al.
BMIM iodide Tungsten carbide micro milling commercial conventional machining oils. 2014
CNC machining  Negligible evaporative loss (1%) [62]
compared to 75-85% of conventional
oils.
Miscible and Immiscible lonic Liquid-Enriched MWFs
2 BMIM PF, Deionized 0.5% Titanium and CBN  Turning Significant tool wear reduction. Devis et al.
water (emulsion) operation IL emulsion showed the smallest cutting 2015
Using machining forces, largest shear band spacing, and [63]
center best surface finish.
3  BMIM PF, Canola oil I wt.% Medium carbon CNC vertical PF, & BF, cation-based ILs gave the Goindi et al.
BMIM  BF, (emulsion) steel and milling smoothest surface and lowest cutting 2017
BMIM NTf uncoated tungsten force. [32]
2 carbide In contrast, NTf, cation-based IL
showed performance similar to the
vegetable oil and flood cooling system.
4 BMIM PF, Conola oil 3wt.% Medium carbon CNC vertical PF, and BF, cation-based ILs showed Goindi et al.
BMIM  BF, (emulsion) | wt.% steel and milling improvement only at higher cutting 2018
and uncoated tungsten speeds. [311
Pass DEHP PEG400 (miscible) &f;nd ! carbide Phosphonium IL showed improvement
' only at a lower cutting speed.
5 BMIM BF, Neem oil | and Carbon steel and ~ Turning Surface roughness was improved in Panneer et al.
(emulsion) 2 wt.% titanium nitride operation using  the range of 40-62% compared to neat 2018
and coated and a geared lathe Neem oil. [64]
Neem oil + water uncoated tungsten
(emulsion) carbide
(Continued)
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Table 5.3 (Continued)

Sr. Cation anion MWF % of ILs Workpiece and tool ~ Machining Important findings References
No material method
6 N, NTf, Modified Jatropha- [,5,and  Medium carbon Turning Optimum concentration of 10 wt.% and ~ Abdul Sani et
P BTMPP based ester 10 wt.%  steel and uncoated operation I wt.% for ammonium phosphonium ILs, al.2019
sest (miscible) cermet using NC lathe  respectively [65]
machine Overall reduction of 4-5% in cutting
force, 7-10% in cutting energy, 2-3% in
friction coefficient, 8—11% in tool chip
contact, 22-25% in chip thickness, and
I1-2% in friction angle over synthetic
esters
6 N, NTf, Modified Jatropha- I,5,and  Medium carbon Turning 10 wt.% ammonium IL concentration Abdul Sani.
P BTMPP based ester 10 wt.%  steel and uncoated operation reduced cutting force up to 12%, etal. 2019
sest (miscible) cermet using NC lathe  cutting temperature by 9%, and surface ~ [66]
machine roughness by 7%, and improved tool life
by up to 50%.
I wt.% phosphonium IL concentration
reduced cutting force by up to | 1%,
cutting temperature by 7%, surface
roughness by 4%, and improved tool life
by up to 40%.
7 Py Cl Coconut oil I wt.% Steel and Turning Excellent surface finish Pandey et al.
(miscible) multilayer-coated ~ operation using  No significant benefit for flank 2020
cermet CNC lathe wear was observed for | wt.% IL [67]
concentration.
Recommends use of higher IL
concentration (above wt.%)
8 BMIM PF, Deionized water 0.5 wt.%  Inconel 825 Steel ~ Turning Reduction of surface roughness by M. Naresh
and and carbide operation using  88%, cutting temperature by 74%, Babu 2021
coconut oil CNC Lathe chip thickness by 89%, and tool wear [68]

minimized.

nsep A pue ‘edunely eapuadn ‘ysiyloA[ ipued 0/



Metalworking fluid for sustainability 71

and anion, type of base oil, blend/emulsion concentration, tool and workpiece material, and
machining methods, along with important findings. These reported studies show an addition
of ILs at even a small concentration (0.5-10 wt.%) can enhance machining performance.

Pham et al. compared two imidazolium ILs (i.e., [BMIM][I] and [EMIM][TFSI]) with
other lubrication conditions, such as dry, distilled water, and two conventional commercial
machine cutting fluid (i.e., ST501 and TC#1) [62]. As expected, dry and distilled water
machining conditions gave the highest cutting force, while both the ILs performed similarly
to TC#1. Viscosity influences the lubricant film formation and higher viscosity may form a
thicker film on the surface interface, but despite higher viscosity of [BMIM][I] (viscosity of
401 cP at 25°C as compared to 32 of [EMIM][TFSI]) both ILs performed nearly similar. The
similar performance of both the ILs was attributed to the reduction of viscosity of [BMIM]
[I] due to the rise in temperature and the increase in viscosity of [EMIM][TFSI] due to
dispersion of nano/micro-sized chip particles during machining. Cation and anion both sig-
nificantly affect the machining parameters, and altering any can change performance. Goindi
et al. synthesized three unique ILs with a common cation (BMIM) and different fluorine-
containing anions (PF,, BF,, and NTf)). Emulsion in canola oil of PF, and BF, anion-based
ILs gave the lowest cutting forces at both smooth and rough machining conditions [31, 32].
While [BMIM][NTT] in canola oil performed in the same range of flood cooling and MQL
with neat canola oil. They reported a similar trend of peak and mean cutting forces for dif-
ferent lubrication methods. Their order of performance with cutting forces was dry machin-
ing> flood cooling> MQL with neat vegetable oil > MQL with vegetable oil + IL emulsion.
Cutting speed, depth of cut, and feed rate influence the performance of the lubricants. Some
ionic liquids can perform better at light operating conditions, while others are more suited
for heavy operating conditions.

Goindi et al. observed vigorous scouring on the workpiece surfaces due to a relatively
higher adhesion rate on the surfaces lubricated under dry, flood cooling, and MQL with
vegetable oil [31, 32]. ILs showed very low adhesive scouring, probably due to protective
film formation, on the tool flank and workpiece surfaces, resulting in a smoother surface.
Sani et al. reported a 4-7% improvement in surface roughness performance over synthetic
easter for both PIL and AIL at optimum concentrations. They also attributed this improved
surface roughness to the non-flammable, thermally stable, and non-volatile properties of
the ILs, which enhanced the adsorption of a protective layer on the tool-workpiece inter-
face, subsequently reducing friction wear and peak temperature [67, 69, 70]. Pandey et al.
observed excellent surface roughness improvements by blending imidazolium-based ILs in
coconut oil. They also made similar conclusions about the protective film formation of the
tool-workpiece interface.

Most conventional machining oils evaporate at higher operating temperatures. Pham
et al. measured the evaporative weight loss of lubricant before and after the machining.
They reported both the commercial machining oils evaporated by 75-89% while neg-
ligible evaporative losses (<1%) of ILs were recorded, which can be attributed to its
extremely low vapor pressure. This eliminates evaporative losses and fumes formation
during machining. Considering the vastness of unique available ILs very limited studies
have been conducted exploring the potential of ILs in the field of machining. Moreover,
a significant proportion of these published studies involve non-miscible Ils. With the first
study of ILs for machining reported in the year 2014 by Pham et al., this field is still
very new, with a lot of potential to be explored. Significant numbers of oil-miscible ILs
have already been reported in the field of tribology for their friction and wear-reduction
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properties [61, 71]. These ILs may be explored in the field of machining using MQL and/
or other MWF supplying methods.

5.4.2 Nanoparticles

Due to their tiny size (<100 nm), nanoparticles have to potential to enter the contact zone
and convert sliding motion into a combination of sliding a rolling motion [72]. Jamil et al.
explored a hybrid nano additive composed of multi-walled carbon nanotubes and Al O,
nanoparticles dispersed in vegetable oil for machining Titanium-based alloy (Ti-6Al-4V)
under MQL lubrication [73]. They further compared the machining performance of a hybrid
nanofluid with CO, cryogenic cooling. They reported hybrid nano-fluid outperformed cryo-
genic cooling and reduced cutting force, surface roughness, and tool life by 11.8%, 8.72%,
and 23%, respectively. It was interesting to note that cryogenic cooling reduced signifi-
cant heat from the tool-workpiece interface and showed an 11.2% lower cutting temperature
compared to hybrid nano-fluid. Additionally, hybrid nanofluid provided superior surface
quality and lower particle deposition, which could be attributed ability of hybrid nanopar-
ticles to decrease friction between the tool and chip interface. Shen et al. [74] analyzed
the performance of nano-fluid for grinding cast iron under various lubrication conditions.
Grinding performance was analyzed with respect to surface roughness, grinding forces, and
grinding temperature, and compared with pure water. Nanoparticle dispersion was found
to be crucial, particularly when a slurry layer was produced. The slurry layer resulted in a
greater G-ratio (volume ratio of material removed and tool wear), reduced grinding forces,
and improved surface quality. Table 5.6 lists the nanoparticles used in MWFs formulation
along with important findings.

Tran Minh et al. conducted a novel comparative study between MQL and MQCL (mini-
mum quantity cooling lubrication) for Al,O,-enriched nano-fluid, neat oil, and emulsion [76].
They observed superior microstructure and surface roughness performance under MQCL
compared to the MQL method for Al,O,-enriched emulsion. Further, they claimed the tool
lasted 4.5 times longer compared to dry conditions for drilling of Hardox 500 material (diffi-
cult-to-cut material). Padmini et al. combined both boric and MoS, micro and nanoparticles
in coconut oil and sesame oil for the cutting fluid [43]. The outcome of this study was that
nano-fluids performed much better than micro-fluids in terms of cutting forces and cutting
temperature minimization during machining.

Virdi et al. evaluated machining output parameters, such as G-ratio, Surface roughness,
and grinding energy, under various lubrication conditions using rice bran, sunflower (SF)
with CuO nanoparticle at 0.5 wt.% and 1 wt.% concentration nanofluid [78]. The experi-
mental results show that sunflower oil’s cooling and lubrication performance under nano-
fluid conditions is superior to that of pure lubrication and flood lubrication. This is because
sunflower oil has the ability to produce a viscous film in the grinding region, which increases
both the heat-carrying and the wetting ability. The nanofluid under the MQL method showed
a superior lubrication effect than that of flood cooling and pure oil. The higher heat transfer
rate that results from the adsorption of nanoparticles on the surface makes effective lubrica-
tion possible. The presence of nanoparticles changes the sliding friction to a combination
of sliding and rolling friction resulting in reduced friction and subsequent heat generation.
They attributed lower surface roughness to the polishing action provided by nanoparticles.
Triglycerides in vegetable oils produce a viscous layer that improves the lubrication effect,
whereas the deficiency of lubrication during traditional cooling leads to greater surface



Table 5.7 List of Nanoparticles Used in MWF Formulation, Along With Important Findings

SrNo.  MWF compositions Machining process Workpiece and tool Main findings References
materials
| Vegetable oil with Turning under Workpiece - Ti-6Al-4V Al,O,;-carbon nanotube-based MQL Jamil et al.
hybrid nanoadditive NMQL and Tool - CNGA 120408 significantly reduced cutting force and [73]
(ALO, + CNT) and cryogenic cooling. TO1020 WG surface roughness compared to cryogenic
cryogenic (CO,) cooling cooling. Moreover, under hybrid-
nanofluids, tool life was extended due to
a lower cutting force.
2 Ethylene glycol with Turning under dry, Workpiece - D3 tool steel  They claimed that graphene nanofluids Naresh Babu
graphene wet,and NMQL Tool - CNGA 120408 with an MQL cooling are a better etal.
TOI1020 WG. alternative technique for lowering the [75]
cutting temperature, tool wear, and
surface roughness.
3 Water with diamond Grinding under Workpiece - Ductile Significant reduction of grinding force, Shen et al.
and Al,O, NMQL conditions iron temperature, and surface roughness due [74]
Tool - Aluminum oxide to nanoparticles in MWF
grinder wheel
4 Emulsion and rice bran Drilling under Workpiece - Hardox 500 MQL with Al,O, nanofluid provided better Duc et al.
oil with ALLO, NMQL and MQL Tool - Coated carbide drill  machining performance, surface quality,and  [76]
lower thrust force than neat emulsion.
5 Sunflower oil with MoS,  Drilling under Workpiece - AISI 321 Sunflower oil outperforms mineral oil in Pal et al.
flood, dry,VMQL, Tool - TiAIN-coated terms of temperature control. Further, [77]
and NMQL carbide nanomaterials dispersed in vegetable oil
improve both the process’s environmental
friendliness and its cooling efficiency.
6 Rice bran (RB), Grinding under Workpiece - Ni-Cr Alloy Sunflower oil’s cooling and lubrication Virdi et al.
sunflower (SF) with dry and NMQL Tool - Alumina AA80 performance under nanofluid conditions [78]

CuO nanoparticles

are superior to that of pure lubrication
and flood lubrication. Triglyceride in
vegetable oils produces a viscous layer
that improves the lubrication effect.

(Continued)
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Table 5.7 (Continued)

SrNo.  MWF compositions Machining process Workpiece and tool Main findings References

materials

7 Emulsion (Water + Turning under Workpiece - AlSI 1040 Nano-cutting fluid gave significant Gugulothu et al.
coconut oil) with boric flood, dry, and steel performance enhancement, that is, [79]
acid nanoparticle NMQL Tool - reduced cutting force (14.28%), surface

CNMG120408NC6110 roughness (24.74%), and tool wear (3.5%)
compared to dry machining conditions.
8 Vegetable oil with MoS, Milling under dry, Workpiece - Martensitic MoS, nanoparticle-enriched lubricating Uysal et al.
VMQL,and NMQL stainless steel oil gave the lowest tool wear and surface [80]
Tool - Uncoated tungsten roughness for milling under MQL. Alper u, Furkan
carbide

10 Formulated green VMQL and NMQL  Workpiece - AISI H-13 Nanoparticles improved thermal Gajrani et al.
cutting fluid with hybrid steel conductivity, specific heat, viscosities, and [81]
nanoparticles (MoS, + Tool - Tungsten carbide wettability. Excellent improvement in Kishor Kumar
CaF) machining properties Gajrani, P.S. Suvin

Il ECOCUT SSN 322 neat  Milling under MQL ~ Workpiece - Aluminum Nanofluid reduced COF, cutting forces, Sarhan et al.
lubricant oil with SiO, and NMQL AA6061-T6 and smaller specific energy, and power [82]
dispersed in mineral oil Tool - HSS consumption compared to neat fluid.

12 Sesame oil with three Broaching Workpiece - AlSI 1045 Carbon nanofluid at 160 mg Ni ] et al.
nanoparticles (Fe,O,, operation under steel concentration gave superior performance  [83]
Carbon,and AL,O,) NMQL Tool - Steel HSS-6542 than the other two nanofluids. Jing, Zhi

13 Rice bran oil with Turning under Workpiece - AISI M2 HSS Hybrid nanofluid enhanced tool life, tool Anand et al.
graphene and TiO, NMQL material wear, and surface roughness and could be [84]
nanoparticles Tool - Steel used in ecological sustainability. Rahul A and

Ankush

* MQL: Minimum quantity lubrication,VMQL: MQL with vegetable oil, NMQL: MQL with nano-fluids
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roughness and maximum grinding energy. Ni J et al. prepared different nanofluids by vary-
ing concentrations of three nanoparticles (Al,O,, Fe,O,, and carbon) dispersed in sesame oil
for broaching AISI-1045 workpiece material under the MQL lubrication method [83]. They
reported good dispersion up to 80 mg for all three nanoparticles. Beyond that, particles tend
to agglomerate and sediment, while carbon nanoparticles evenly dispersed up to 160 mg.
With the increase in nanoparticle concentration, the load and vibration initially increased
and then decreased. The optimum performance was observed for copper nanofluid at 160
mg concentration with mean broaching valley and load peak reductions of 614 N and 725 N,
respectively, which were 118.5% and 115.5% greater than the base fluid. They further rec-
ommended Carbon nanofluid with sesame-based oil for both economic and environmental
benefits for industrial usage. In another study, copper oxide (CuO) outperformed Al O, and
Fe,0, nanoparticles for machining HSLA AISI 4340 steel material under the MQL lubrica-
tion method [85]. Nanoparticles’ effectiveness as cutting fluid additives depends on multiple
factors, such as particle size and other physicochemical properties. Le Gond et al. reported
smaller graphene particles (5 um) outperformed relatively larger particles (15 um) on every
parameter, indicating that nanoparticles’ performance is highly influenced by particle size,
which further controls physicochemical properties [86]. Anand et al. explored the overall
synergetic effect of graphene and titanium dioxide nanoparticles dispersed in biodegradable
Rice bran (vegetable oil) for machining M2 steel under MQL conditions [84]. Both single
additives and mixed (graphene + TiO, + rice bran) nanofluids were explored at 0.5% and
1% weight concentrations. They observed increased viscosity with an increase in nanopar-
ticle concentration for single and hybrid nanofluids. TiO, reduced tool wear by 12%, while
hybrid nanofluid reduced by 21.7% with respect to the base oil. SEM analysis of inserts
indicated different wear mechanisms for both single and hybrid nanofluids, indicating that
TiO, and GnP improve tribological performance. Finally, they suggested that GnP and TiO,,
applied to rice bran oil, can enhance tool life, tool wear, and surface roughness and could be
used for ecological sustainability.

5.5 Conclusions and future scope

MWFs are one of the most important components of any manufacturing system. It can be
called a complex compound and can significantly affect the productivity, resource efficiency,
and energy of any manufacturing process. There cannot be a single universal MWFs compo-
sition that suits all types of applications due to the wide range of performance parameters and
dynamic demanding conditions, prompting a multidisciplinary approach to MWF develop-
ment. Since the discovery of petroleum in the second half of the 19th century, mineral oil has
dominated most of the metalworking fluids (MWFs) applications and could be attributed to
the inherent negative impact on the environment and operator’s health. The ever-increasing
ecological awareness has forced lubricant manufacturers and scientists to explore alternative
materials and manufacturing methods to achieve progressive sustainability, which could be
achieved with the development of ecologically benign MWFs.

Synthetic oils possess several advantages over mineral oil but are economically restrictive
(expensive) and suitable for task-specific applications. Moreover, a significant number of
synthetic oils are derived from mineral bases hence are not green and lack biodegradability.
Vegetable oil checks many desirable brackets for sustainability (biodegradable, green, and
environmentally benign) and inherits excellent lubricity. The literature reviewed in this chap-
ter shows that vegetable oil enriched with additives (ionic liquid or nanoparticle) provided
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better machining than mineral and synthetic-based oil. The drawbacks of vegetable oil, such
as poor oxidation stability and relatively higher pour point, could be overcome with chemi-
cal modifications (FAME) and specific additives (antioxidants and pour point depressants).

Future studies should involve different lubricant methods for super alloys and nonferrous
materials. The novel nanoparticles should be explored in MWF formulation, and the study
should explore colloidal stability, machining parameters, and sustainability. Since the syn-
thesis of the first oil-miscible ILs in 2012, several unique ILs with excellent miscibility in
polar and non-polar base fluids have been reported in the field of tribology. These ILs should
be explored in the field of machining, considering their friction performance and cost. All the
published literature on IL research in machining deals with mixing ILs in base fluids, while
no report is available on the compatibility of ILs with other additives. Future studies should
explore the synergy between ILs and other common MWFs additives, such as antioxidants,
corrosion inhibitors, detergents, dispersants, etc., first at the laboratory scale and then at
dynamic conditions of the actual industrial scale. Further IL and nanoparticle performance in
fully formulated MWFs should also be explored to understand their compatibility with bulk
additive packages for actual machining applications.
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T: Transmitted radiation
A: Wavelength

6.1 Introduction

Solar energy is one of the most commonly available renewable energy, and a lot of research
is being done for the efficient conversion of solar to electrical energy. The unique electronic
configuration and ease of availability make silicon an ideal material to perform this conver-
sion [1, 2]. But dependence on sunlight for energy has some disadvantages [1], that is, the
incoming solar energy depends upon time, climate, location, season, and atmospheric pollu-
tion, and a large surface area is required to produce an appreciable amount of electricity. For
the proper performance of Si cells, the factors mentioned above should be considered. When
sunlight, which is a spectrum of different electromagnetic radiations, falls on the Si cell, only
those radiations which are adsorbed (A) into the cell will be converted into electricity. The
rest of the radiations will simply pass through as transmitted radiations (T) or reflected (R)
away, as shown in Eq. (6.1).

A=1-T-R (6.1)

Thus, the ideal way to increase the electricity output from a solar cell is to reduce the
transmitted and reflected radiation. The reduction in transmitted radiations is possible with
the texturing of Si cells or by increasing the thickness of Si cells.

6.2 Texturing of silicon

The reflectance value (R) of a typical Si cell varies between 30% and 60% [3] because of the
high difference in refractive index between air and Si [4]. Hence, reducing the reflection of
incoming radiations is one of the most effective ways to improve the efficiency of the Si cell.
This is possible by a combination of surface texturing and anti-reflective coating (ARC).
Surface texturing was found to enhance the light absorption of Si in the following ways:

* The incoming radiation, which got reflected away from one surface feature (e.g., a
cone), may strike another surface feature, increasing the chances of being adsorbed [5].

»  The radiation entering Si will be entering at an angle (due to refraction). Hence, the light
rays have to travel more distance than the thickness of the Si cell, thereby reducing the
transmission losses [6].

*  Additionally, the long-wavelength photons reflected from other surface features may
encounter a tilted Si surface, improving the chances of being internally reflected,
thereby increasing the distance traveled within the Si and, consequently, the chances of
being adsorbed [7, 8].

*  The surface micro texturing was found to introduce hydrophobicity, which repels the
dust particles that fall over the Si cell, thereby keeping the surface clean [9, 10]. Fur-
thermore, extra-fine particles can settle between the textures, reducing the effectiveness
of the texturing. Hence, various techniques, such as ultrasonic cleaning [11] and surface
coating [12], are used in addition to laser texturing to ensure the prevention or easy
removal of the settled dust particles.
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To bring about these benefits, multiple anti-reflective textures, such as grooves [13—16],
honeycomb structures [17], inverted pyramids [18, 19], and cones [20], have been devel-
oped. The influence of these textures will be discussed in upcoming units.

6.2.1 Laser texturing of silicon

Texturing of Si can be performed using multiple techniques, including wet chemical etch-
ing [21], reactive ion etching [22], mechanical grooving [23], electrochemical etching [24],
masked laser texturing [25], and direct laser texturing [26].

Wet chemical etching and reactive ion etching involve the usage of liquid chemicals
to remove material. They have a high material removal rate with a surface finish, but the
disposal of chemicals is challenging. Mechanical grooving involves the usage of cutting
tools to create textures over Si. It is the cheapest mode of texturing, but the major limitation
of mechanical grooving is its difficulty in performing complex structures. During elec-
trochemical etching, the material removal occurs due to an anodic dissolution process in
the presence of electric energy and dielectric fluid. It is an environment-friendly texturing
technique with a high material removal rate but is applicable only for electrically conduc-
tive materials.

Laser texturing utilizes the thermal energy from lasers to perform texturing. Using lasers,
complicated textures can be made for any material with no environmental impact. Hence,
compared to the above-mentioned techniques, laser texturing is one of the most suitable pro-
cesses for Si texturing. Over the last few decades, laser texturing has been performed success-
fully on a wide range of materials, including metals [27-29], semiconductors [30], dielectrics
[31, 32], and ceramics [33, 34]. In 1989, Zolper et al. [35] performed the laser texturing of Si
to reduce reflectivity. Since then, a lot of research has been done to perform laser texturing
on Si for multiple reasons, including increasing the absorption of light [36], dielectric layer
ablation [18], selective emitter formation [37], hydrophobic texturing [38], etc. Also, the laser
machining process is used in drilling [39], scribing [40], joining [41], doping [42], etc., Si for
the production of solar cells. Hence, laser machining is a highly versatile machining process.

Additionally, various chemical and electrochemical processes specified earlier are not
entirely effective in machining multi-crystalline silicon due to the random orientation of
crystallographic grain and high etching sensitivity towards specific directions [43]. Simi-
larly, mechanical processes are not satisfactory due to silicon’s high fragility and breakabil-
ity and the low thickness of Si wafers. Thus, laser machining is the only way to overcome
these difficulties [44]. The experimental setup and schematic of a typical laser texturing
system are depicted in Figure 6.1 (a), and the insert in Figure 6.1 (b) indicates a laser-
textured surface.

A typical Si texturing by laser consists of three steps: masking, ablation, and etching.
Masking is the process wherein a silicon nitride (SiN) layer is deposited over the Si surface
by chemical vapor deposition. The primary purpose of the mask is to protect the untextured
Si surface from the etching process. After masking, laser texturing is done, which creates the
preferred texture over the Si wafer. It is followed by the etching process, where chemicals
are used to remove the ablation slag formed due to laser ablation.

Laser machining is a complicated thermal material removal process comprising various
physical phenomena, such as heat transfer, melting, vaporization, and solidification [45].
Hence, proper control of machining parameters is unavoidable. In the next section, the influ-
ence of various machining parameters on the final texture is presented in detail.
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Figure 6.1 (a) Experimental setup and (b) schematics of a typical laser texturing system, and (c) a typi-
cal laser textured surface [27].

6.3 Factors influencing the surface reflectivity

The surface reflectivity of the Si wafer is a function of the surface topology, which depends
upon various laser parameters used to perform laser texturing. It is a well-known fact that
any surface with a mirror-like finish has a high reflectivity [46]. On the other hand, it can be
said that any surface with higher roughness exhibits less surface reflectivity. During laser
texturing, the surface roughness is affected, which depends upon the number of laser pro-
cessing parameters. The influence of these parameters is discussed in this section.

6.3.1 Ablation pit depth

With the increase in the number of pulses per texture pit, the pit depth increases. This varia-
tion in pit depth was found to create variations in the surface reflections on Si [14, 24],
as shown in Figure 6.2. Initially, with the increase in pit depth, the reflection decreased
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Figure 6.2 Reflection of the front surface of laser textured samples for different ablation pit depths of
(o) 10 mm, (A) 20 mm, (©) 30 mm, (*) 40 mm, and (x) 50 mm with residual slag, (+) planar
silicon, and (line) random pyramid textured silicon [24].

proportionally until a specific limit. During etching, the removal of Si occurs such that more
material removal occurs at the top rather than the bottom. Hence, with the increase in etch-
ing time, the pits start to open up, decreasing the reflection due to the double bounce of the
incident light [14].

After a specific limit, it is impossible to decrease the reflectivity, and a further increase
in pit depth leads to an increase in reflectivity. This happens because, as the pits become
wider, a limit is reached where the pits join. Any further etching will cause an increase in
reflection due to the flattening of the top surfaces and inefficient slag removal of the bot-
tom surface of the pits (which is detrimental to electrical performance). Thus, the pit
depth, which results in complete slag removal and causes the pits to join each other, is
the ideal pit depth. As shown in Figure 6.2, a 40-mm pit depth can be considered the ideal
pit depth [14].

6.3.2 Etching time

Spatter is the molten metal ejected during laser machining due to intense pressure generated
in the laser-irradiated region. This molten metal (remelt) then solidifies over the surface,
thereby declining the textured surface quality. Hence, the removal of spatter is necessary.
Etching is one of the techniques utilized to remove the surface remelt. The amount of mate-
rial removed by etching is a function of etching time.

An increase in etching time causes the reflection to reduce up to a level, then starts
increasing [16]. Initially, with an increase in etching time, the dimensions (aspect ratio)
of the texture increase, and along with it, the reflection of the silicon wafer reduces (as
in Figure 6.3 (a) and (b)). This is due to the removal of the spatter from the surface. This
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Figure 6.3 Reflection vs. wavelength for varying etching time for (a) parallel groove and (b) perpen-
dicular groove [47].

reflection reduction continues up to a limit of texture dimensions, above which a steep rise
in reflection can be observed. This is because of the overlapping of the textures, which
reduces the overall aspect ratio and thus leads to a sudden surge in reflectivity. The reason
for the increase in reflection due to overlapping is explained in Section 6.4.1.

6.3.3 Pulse energyl/focusing depth

The pulse energy and focusing depth influence the spike height of the texture [18, 19]. The
spike height refers to the height of the microstructure from the base of Si. From the previous
subtopics, it is observed that the increase in the height of the spike can lower the reflectivity
of Si. This parameter applies to the cone, groove, and honeycomb textures. The increase in
spike height increases the adsorption [18, 44] and reduces the reflection [19] of the incident
light energy.

The relation between the average spike height and laser focusing depth is explained in
Figure 6.4 (a). Initially, while focusing the laser beam on the Si surface, that is, when the
focusing distance is 0 mm, the energy density on the surface is too high, and less energy
is transferred to the material. Hence, the Si gets converted to liquid, and spikes cannot be
formed. With the increase in focal depth, the energy density at the surface reduces, and hence
more energy is distributed to the material. Thus, surface defects and ripples of the order of
the laser wavelength will be formed, thereby facilitating spike formation. This explanation
is proved in Figure 6.4 (b), where a reduction in reflectivity is observed when the focusing
depth rises from 0 mm to 20 mm. But the reflectivity increases with a further rise in focusing
depth above 20 mm, as in Figure 6.4 (b). This is because the energy density at the surface
becomes too low to create the spike at a high focusing depth [18, 25]. Additionally, the varia-
tion of pulse energy has the same outcome as the variation of focusing depth. This is evident
in Figure 6.5 (a), where the average spike height vs. variation in a single pulse energy graph
looks similar to Figure 6.4 (a).
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6.3.4 Pulse number

The increase in the number of pulses means an increase in the spike height, as observed in
Figure 6.5 (b). This is because more energy is available with the increase in the number of
pulses. Since the energy is in the form of pulses, the energy is absorbed into the bulk of the
material rather than being conducted away, as in the case of a continuous laser beam. Thus,
the rise in spike height indicates a reduction in the reflectance of the Si surface. Therefore,
the supplied energy is directly utilized to increase spike height [14, 18].

6.3.5 Scanning speed

The increased scanning speed means fewer incident pulses at a spot, that is, lower incident
energy. At high scanning speeds, only minor surface modification can be observed on the Si sur-
face. Also, the distance between these microstructures is relatively small, acting as a flat surface.
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Figure 6.6 Laser textured surface having 0% OF, 25% OF and 50% OF between two consecutive spots
and lines [49].

Hence the reflection is high at high scanning speeds. With the decrease in scanning speeds, the
inter-microstructure distance also increases, leading to better anti-reflection properties [25].

By keeping different laser parameters, like input current, pulse duration, pulse repeti-
tion frequency, stand-off distance, and focus spot diameter constant, a micro-hole having a
constant diameter and depth can be obtained [48]. At this condition, if the scanning speed
is varied, a difference in overlapping factor between the microholes can be observed. [49].
When the scanning speed increases, the distance between the micro-hole is increased. How-
ever, when the scanning speed decreases, the overlapping between the micro-hole increases.
Hence, in order to obtain a particular overlapping factor (OF) between the micro-holes, the
scanning speed can be changed according to the following equation [50].

SS=fXdX (I - OF/100) 6.2)

where SS = scanning speed, /= pulse repetition frequency, and d = diameter of micro-hole.
Figure 6.6 shows the micro-textured surface having 0%, 25%, and 50% OF between the two
consecutive laser spots as well as laser lines [49]. With the increasing OF, the surface rough-
ness (R increases. This is because the frequency of laser interaction increases with the
increase in OF. This creates pits and waves on the surface of molten material after solidifica-
tion. Hence, the R increases, which may reduce the reflectivity of a surface.

6.4 Textures

Texture is the most crucial factor that decides the level of reflectivity of the Si component.
In this section, some of the textures used and the literature associated with those textures are
discussed.

6.4.1 Grooves

Groove is one of the most studied textures, consisting of long and narrow lines ablated over
the surface of Si. The lines can be parallel or perpendicular, giving rise to different surfaces,
as shown in Figures 6.7 (a) and (b). To produce groove textures, the grooves were scribed
over the Si wafer at a constant spacing. During laser texturing, an intense laser pulse causes
silicon to melt, out of which some amount can flow out to form the rim, and the rest can fill
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Figure 6.7 Different types of textures over Si surface: (a) parallel grooves [47]; (b) perpendicular
grooves [47]; (c) honeycomb [24]; (d) inverted pyramid [53]; and (e) laser-induced periodic
surface structures [54].

the existing grooves [13]. Hence, it is followed by a wet etching treatment to remove the
laser-damaged layer. Figures 6.7 (a) and (b) illustrate a typical parallel and perpendicular
groove configuration on Si. One of the variants of groove texturing is black Si, where micro-
grooves are made close to each other [44].

Engelhart et al. [45] successfully performed parallel grove texturing on single crystalline
Si (c-Si) and compared the effectiveness of different lasers in performing laser texturing of Si.
Dobrzaiiski et al. [37] performed perpendicular groove texturing on Si and observed the existence
of a laser-damaged layer, which hindered the efficiency of the solar cells. Thus, they removed this
layer by etching with a potassium alkali, and the overall efficiency went up by 10.2%. In 2008,
Dobrzaiiski et al. [47] performed groove texturing over multi-crystalline Si (me-Si) to reduce the
reflectivity of Si. In the following year, they [43] proved that it’s possible to perform surface tex-
turing of me-Si, independent of the crystallographic orientation of grains using groove texturing.

Dobrzanski et al. [13] compared parallel and perpendicular grooves, and a significant
reduction in effective reflectance was observed for perpendicular grooves compared to the
data from his paper in 2009 [15]. Vorobyev et al. [44] was able to bring down the total reflec-
tivity to less than 5% by creating black Si. Later, Yang et al. [51] fabricated Si nanowires
over the Si surface, making it possible to reduce the light reflectivity to less than 1% (wave-
length between 300 nm and 1000 nm) by light trapping.

6.4.2 Honeycomb

Honeycomb texture comprises thin hollow structures of a specific geometry separated by
thin walls (Figure 6.7 (c)). The most common geometry is columnar or hexagonal. Using
honeycomb texturing, a minimum reflectance of 10% can be achieved. The first honeycomb
texturing over Si was performed by Abbott and Cotter [24], wherein pits were ablated over
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an Si surface in an interlocking pattern, as shown in Figure 6.7 (c). It is followed by a
two-stage chemical etching, which removes the slag, smoothens the resulting surface, and
removes residual laser damage.

Grischke et al. [14], Niinobe et al. [15], and Volk et al. [16] did honeycomb texturing over
Si by masking method, followed by laser texturing and etching. During masking, a uniform
layer of silicon nitride is deposited over Si using the chemical vapor deposition technique.
The mask is partially removed using laser texturing, which is followed by chemical etch-
ing, which results in the generation of a honeycomb texture. Yang et al. [52] used a wave
interference technique using three laser beams to create a honeycomb texture over Si. When
three laser beams were made to intersect over a point, laser irradiation of the material occurs
along the generated interference pattern, resulting in the formation of concave holes. Here,
masking is not involved, which simplifies the fabrication process.

Niinobe et al. [15] performed honeycomb texturing over mc-Si, and the resulting cell
observed an overall conversion efficiency of 19.1%. Volk et al. [16] studied the reflection
variation for different etching times and found that it is possible to machine a homogenous
honeycomb texture in 80 seconds. In the same year, Yang and Lee [52] created a hon-
eycomb mesh using laser interferometry. They were able to manipulate the shape of the
resulting texture by changing the chemicals used in etching. The following year, they [4]
studied the importance of the in-plane orientation relationship between interfering laser
beams.

6.4.3 Inverted pyramid

The inverted pyramid (IP) is one of the most efficient patterns, owing to its excellent anti-
reflection properties (5—10%), light trapping properties, and minimal material removal [3].
There are multiple ways to perform an inverted pyramid texturing over Si. Kumar et al. [3]
performed IP texturing over the Si surface using masking technique. Figure 6.7 (d) shows
the resultant IP textured Si surface. They studied the influence of the size of the inverted
pyramid over the reflectance and observed that 1.3 um sized textures resulted in the least
reflectance. Yang et al. [4] used the laser interference technique to produce IP texture. Here,
the laser beam was split into three beams using a trigonal pyramid-shaped prism and was
made to overlap on the wafer symmetrically. Using this method, a surface reflectance lesser
than 20% was attained at low costs. Ji et al. [17] created micro-pores over Si surface using
laser ablation followed by etching. The resulting IP texture reduced the reflectivity to 6% in
the wavelength range of 400—1000 nm.

6.4.4 Self-assembled texturellaser-induced periodic
surface structures

Self-assembly is a process wherein a pre-existing disordered surface is converted into a
pattern due to specific, local interactions between the material components without external
direction. Laser-induced periodic surface structures (LIPSS) can be generated using a self-
assembly technique. According to Gurevich [55], ablative Rayleigh—Taylor instability is the
basic mechanism behind the formation of LIPSS. Accordingly, when material ablation takes
place, a recoil force is generated. This recoil force decides the final surface topology of the
LIPSS. This texturing technique has advantages over other laser textures owing to its high
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reproducibility, uniformity of micro/nanostructures, and applicability to c-Si, mc-Si, and
thin films [56]. Additionally, it is simple, quick, and cost-effective. Hence, a lot of research
has been done on LIPSS texturing of Si wafers [25].

For the first time, a conical self-assembled texture was attained over Si in 1998 by Her
et al. [57] by repeatedly irradiating the c-Si surface with femtosecond laser pulses in an
atmosphere of SF, or Cl,. Pedraza and Fowlkes [58] did self-assembled texturing over Si
for different orientations of c-Si and studied the influence of the gas environment over the
dimensions of conical protrusion over Si. In 2008, Halbwax et al. [54] did a detailed study
on the variation of laser-induced periodic surface structures (LIPSS) by varying the machin-
ing conditions and observed that the spike was the best structure in terms of light absorp-
tion. Figure 6.7 (e) shows a typical LIPSS texture on Si by Halbwax et al. They produced
capillary waves with a periodicity of 800 nm in the center and beads with a periodicity of
about 2 um towards the right. Lee et al. [26] textured 20 pm and 400 pm thick Si wafers and
found that the final absorption is 80% and 90%, respectively, for the wavelength range of
400-1000 nm.

Tavera et al. [59] created LIPSS over Si using a nanosecond laser using the laser interfer-
ence technique. For this purpose, they used a four-beam configuration and experimented with
the modification of surface morphology for different laser fluences. They observed the forma-
tion of micro and nano ripples, wherein micro ripples were observed for low fluences. With
the increase in laser fluence, micro ripples diminished due to the formation of nano ripples.

Binetti et al. [60] performed LIPSS texturing over mc-Si for different wavelengths and
observed that the lowest reflectivity of 8% is achieved using IR laser, followed by 13% and
11% for green and UV lasers, respectively. Additionally, UV laser induced the lowest sub-
surface damage to Si wafers. Sarbada et al. [61] performed a simulation of LIPSS texturing
for different types of profiles and observed that the elliptical profiles resulted in the lowest
average reflectance.

Parmar and Shin [25] observed that LIPSS texturing with high energy, that is, low scan
speed and high fluence, results in a sparsely packed nano/microstructure due to material
ablation, thereby resulting in efficient trapping of incident light. But texturing with low
energy will result in densely packed nano/microstructure, as there is no material ablation,
thereby leading to a high reflectance. Additionally, they observed that globular nano/micro-
structures are formed when laser texturing is performed in air, while the same process results
in elongated columnar microstructure when performed in water. Singh and Das [62] were
able to generate sub-wavelength LIPSS over Si using a low-cost N, laser over a large surface
area and successfully reduced the reflection to 10%.

6.5 Conclusion

Ablation pit depth, etching time, focusing time, pulse energy, pulse number, and scanning
speed are the factors to be considered while laser texturing Si wafer and among them. Pulse
energy is the most influential parameter, as the pulse energy is directly proportional to the
maximum temperature attained on the material surface. Thus, an increase in pulse energy
results in a significant rise in the ablation rate, thereby increasing the height of the textures
developed. This leads to a substantial reduction in reflectivity. Also, a brief discussion is
devoted to some of the most used textures over Si wafers, such as grooves, honeycombs, and
inverted pyramids. Different researchers devised multiple methods to realize these textures
on the Si wafer using a combination of laser texturing with/without chemical etching.
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The industry 4.0 revolution involves various advanced technologies such as artificial intelli-
gence (Al), big data, data analytics, cloud computing, machine-to-machine communication,
the Internet of things (IoT), 3D printing, augmented reality, etc. It is primarily based on the
digitalization or automation of industries through the use of loT. These technological revo-
lutions required a continuous supply of energy. The industrial sector is the biggest energy
consumer. As per Energy Agency (IEA) study, manufacturing systems’ energy consumption
increased rapidly from 2000 [2]. The data from United National Industrial Development
showed that the energy consumption growth rate of the manufacturing industry increases
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by 1.8-3.1% per year [3]. This condition, combined with depleting natural resources, has
forced the manufacturing industry to seek long-term development. Therefore, managing
the energy demand and improving the manufacturing industry’s efficiency is very crucial
for international reductions in carbon emissions and decreasing manufacturing energy uses.
Technology can help reduce energy consumption, and enhance energy efficiency [4],[5].
However, the current energy efficiency of manufacturing is significantly below the techni-
cally possible levels. With the emergence of the technological revolution, AI and ML has
great potential to contribute significantly to the advancement of the manufacturing industry.
These technologies can help manufacturing industries to predict energy consumption and
reduce energy uses, and these predictions are based on some key capabilities within the
domains of Al and ML.

7.2 Fundamentals of Al and ML

The foundations of modern Al are introduced in Fundamentals of Artificial Intelligence,
which also covers recent developments in Al, like, adversarial search and game theory,
automated planning, intelligent agents, statistical learning theory, information retrieval, con-
straint satisfaction problems, and natural language processing.

7.2.1 Artificial intelligence (Al)

It has the ability of a virtual machine to perform a task that normally requires human knowl-
edge and judgment. However, no Al can accomplish the wide variety of tasks that a human
can, some Al can compete with humans in specific fields.

7.2.2 Machine learning (ML)

ML (stream of AI) focuses on using the data and algorithm to mimic the way humans
learn and continuously improve its efficiency. It has many popular algorithms that can be
used in many application areas, such as image processing and voice recognition, auto-
matic translations, and disease diagnosis. In the past few years, ML has appeared as a
strong tool.

7.2.3 Al vs. ML

The phrases “artificial intelligence” and “machine learning” are frequently mixed up. Both
terminologies are sometimes used interchangeably, but they are distinct. ML is a branch of
Al that aids in the advancement of Al. Figure 7.1 shows the relationship between AL, ML,
and deep learning.

Al is a technology that allows a computer to mimic human behavior. ML is the subset of
Al that allows a machine to learn from past data without programming explicitly.

7.2.4 Al and ML learning approaches

Al and ML comprise many learning approaches, due to the rapid development of hardware
such as CPU and GPU, researchers are working on developing new algorithms that are more
precise and accurate (see Table 7.1).
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Figure 7.1 Deep learning vs. ML vs.Al.

Table 7.1 Classification of Al and ML Algorithms

Types of learning Learning task

Most widely ML algorithms

Unsupervised learning * Clustering

* Dimensionality
reduction

Reinforcement learning * Model free
* Model-based

Semi-supervised learning * Clustering

K-means clustering

Means shift clustering

DBSCAN clustering

Agglomerative hierarchical clustering
Gaussian mixture

K- means clustering

PCA (Principal Component Analysis)
Deep learning model

Genetic algorithm

Association rule

t-SNE (t-Distributed Stochastic Neighbor)
Artificial neural network

Instant-based learning models

Monte-Carlo tree search

Deep Q-learning

Q-learning (SARSA max)

Temporal difference

Dataset aggregation

Asynchronous Actor-Critic Agent (A3C)

Linear regression
Logistic regression
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Figure 7.2 Decision tree flow chart.

In ML, there are many approaches to learning, but the most common types of approaches are
supervised and unsupervised learning. The supervised learning approach is based on two datas-
ets, the test dataset and the training dataset, a model trained from the output in the training data-
set. That is, the previous values of the X attribute are used to know what the results of X are for
the never-before-seen examples. Hence, the learning process is based on past data. In this type
of learning, many different tasks are there, such as regression and classification, are applied to
the existing dataset and the information proposed to be acquired from the output. For example,
It is referred to as classification when the label associated with X has a category value. On the
other hand, it is referred to as regression when the label associated with X has a numerical value.

In supervised learning, the dataset has no labels. These types of learning models discover
the hidden pattern of the dataset without human intervention. Clustering is the most common
activity in this form of learning.

Currently, there are many supervised machine learning methods available, such as artificial
neural network (ANN), support vector machine (SVM), decision tree (DT), and random forest.
In the above ML algorithms, the DT algorithm is widely used and very popular. In classifica-
tion and regression methods, DTs are used because they are non-parametric supervised learning
algorithms. The primary objective of this learning is to create a model that predicts the value
of a target variable by using straightforward decision-based rules derived from data properties.

Figure 7.2 shows the structure of the decision tree algorithm. The initial element of the
tree is called the root. The elements below it are the root branches, that harbor various deci-
sion nodes depending on the best attribute that distinguishes the data and, subsequently, the
end node (or leaf).

7.3 Potential of Al and ML in manufacturing

The implementation of Al and ML in the manufacturing industry is getting popular among
manufacturers. According to Capgemini’s research, in Europe, more than half of the man-
ufacturers (51%) are already using Al technology, followed by Japan (31%) and the US
(28%). According to the same report, the most common applications in manufacturing are
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improving energy efficiency and optimizing process planning. In manufacturing, the use of
Al in maintenance is around 29%, and in quality, it is around 27%.

The application of Al has been extensively explored at serval phases of the product life
cycle, including operation, visual inspection, evolution, conceptual design, and maintenance
[6]. Al is also used in product quality inspection and surface inspection [7]. In the pro-
duction phase, Al enhances the efficiency and accuracy of production [8]. Al technologies
can improve production performance, customer satisfaction, customer experience, and trust
from the consumer’s perspective. There are numerous uses of Al in industrial design, equip-
ment maintenance, and manufacturing. However, there are only a few applications in vari-
ous product life cycle stages and relatively little research on Al-enabled production system
strategies. Additionally, the integration of Al and IIoT can improve production operations
to generate more SMSs, like smart equipment-based monitoring and maintenance [9], and
exceptional increases in product agility and accuracy, as well as encourage and collabora-
tively produce. Figure 7.3 shows how an Al platform-based strategy may be used to integrate
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Figure 7.3 The overall framework of a smart manufacturing system.
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several technologies into smart manufacturing systems [10]. Fabio Lima proposed a retrofit-
ting model for small- and medium-sized industries. That model was based on digital manu-
facturing. An industrial energy sensor was used to collect the data from the CNC machine
and send it to the cloud with the help of an [oT gateway.

Al and deep learning algorithms are also used to predict machine maintenance, improve
product quality, and monitor the real-time machining process. ANN algorithm is used to
monitor the tool wear of retrofitted CNC machines in the context of industry 4.0. ANN
model has been compared with two other models (KNN and SVM). The precision score of
the ANN model was found to be greater than the other two models [11].

In the cutting process, one of the important parameters for quality control is surface
roughness. Many studies have been published to predict surface roughness using Al tech-
niques [12].

Figure 7.3 shows the systematic framework of Al and IloT-based smart manufacturing
systems. The data can collect from various machines through the use of different commu-
nication protocols, such as MQTT, HTTP, etc. This framework is based on three Al-based
layers. The physical layer is the first layer, which contains different TTCP-design based
autonomous manufacturing machines. The second layer is the Al-based data layer, which
collects heterogeneous data, performs data cleaning and, deep processing, and handless raw
data storage and knowledge mining, all with the support of Al technology. And the third
layer is the Al-based service layer. During manufacturing, huge number of multi-source data
is generated. In a smart manufacturing system, essential information can be mined using
various Al-based algorithms. The service layer can facilitate the manufacturing services in
all phases of the product life cycle [13].

7.4 Al and ML in energy efficiency

With the continuously increased energy consumption and increasingly prominent energy
problem, researchers are focusing their efforts on identifying the elements that influ-
ence energy consumption. In literature, two types of significant studies on the influence
of technological advancement on industrial energy efficiency. According to one view,
technological advancement can help corporate to improve their energy efficiency [14].
Through the empirical study in Germany, according to Welsch and Ochsen, techno-
logical advancement can enhance corporate energy efficiency. However, factor substitu-
tions and imbalanced technical advancement are major factors for variation in energy
efficiency.

Many researchers predict that advancements in artificial intelligence and information and
communication technology can decrease energy costs. In addition, Al can optimize energy
efficiency, reduce the gaps between organizations, and increase energy efficiency by boost-
ing technological performance. Table 7.2 lists A, ML, and energy efficiency-related research
and findings.

Al has already been successfully used in different industries to optimize energy efficiency
[21]. In the construction industry, Al and big data are used to optimize the energy perfor-
mance of buildings. Smart meter data is used in the power supply sector to forecast electric-
ity and natural gas use so that the energy supply system can be better planned and controlled
[22]. According to Huang and Koroteev, Al technologies such as machine learning and neu-
ral network are more effective in waste and energy management. That can be applied in the
future to optimize the use of electrical, heat, and gas [23].



Table 7.2 Artificial Intelligence-, Machine Learning-, and Energy Efficiency-Related Research and Findings

Sr.No Author

Paper title

Application area

Al methods

Findings

| Gabrieli D.
Silva et al.

[15]

2 Yan He
etal.[2]

3 Dominik
Flick et al.

[1e]

4 Rishi Kumar
etal.[17]

5 Andrea Maria
N. C.Ribeiro
etal.[18]

6 Chih-Min Yu
etal.[19]

7 Arnim Reger
et al. [20]

Performance and energy efficiency
analysis of machine learning algorithms
towards green Al: A case study of
decision tree algorithms

A generic energy prediction model

of machine tools using deep learning
algorithms

Energy efficiency evaluation of
manufacturing systems by considering
relevant influencing factors

Development of machine learning
algorithm for characterization and
estimation of energy consumption of
various stages during 3D printing
Short-term firm-level energy-consumption
forecasting for energy-intensive
manufacturing:A comparison of machine
learning and deep learning models

Exploit the value of production data to
discover opportunities for saving power
consumption of production tools

Pattern Recognition in Load Profiles of
Electric Drives in Manufacturing Plants

CPU energy
consumption

Milling machine
And grinding
machine
Automobile
industry
(Shop floor)

3D printing

Manufacturing
industry

Production
tools

Manufacturing
Plant

Decision Tree

Deep learning
(Unsupervised
learning)

Multiple linear
regression models

Long Short-Term
Memory (LSTM)

DEEP LEARNING
MODELS:

RNN, LSTM, GRU
Machine Learning:

SVR and Randon Forest

Neural network

Pattern Recognition

This research looked into energy efficiency and
computing performance of machine learning
algorithms and the predictive evaluation and
factors affecting energy efficiency (EDP and CO2e).
The energy prediction performance improved
19.14 -74.13% for grinding machines and 64.89—
85.61% for milling machine.

The model performance is based on a real
model. In this study, influencing factors are used
in the common regression model for better
performance.

The proposed model can provide decision
support to a researcher in tuning parameters
to energy and time waste in the 3D printing
process.

In this study, the GRU model was the best
performance model,and RNN was the worst
performance model.

This study proposed the Neural Network based
data mining framework to estimate the kwh/move
of specific toolsets.

And also analyze the relationship between
specific input factors and kwh/move.

Discrete Wavelet Transform, Continuous VWavelet
Transform, and Short-Time Fourier Transform
were used to estimate the current profile in
the frequency domain (STFT).
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7.5 Al and ML approaches to legacy machine
energy efficiency

The production system, which consists of machine tools, fixtures, and cutting tools, is the
primary energy consumer in the manufacturing sector. To optimize the energy consumption
of the production industry, researchers are doing research from many perspectives, such as
production scheduling, production process planning for CNC machines [24] [25], and state
control of a machine. Due to the dynamic and complex nature of manufacturing processes,
The energy consumption data of the production system contains the elements of continuity
and dynamic variation. Rapid advancements in Al, communication, and information tech-
nologies have led to reduced energy costs [25].

In manufacturing industries, most of the industries are small and medium, these industries
are still using the old legacy machines, and these machines are not able to exchange data. So,
the first challenge is to ready the legacy machines for data exchanges. The data exchanges
can be possible with the retrofitting of external sensors. These machine data are used to
measure the status of the machine, such as spindle speed, power consumption, machine
vibration, etc.

7.6 Architecture for retrofitting of legacy machine

This architecture gives the general view of the Industrial Internet of Things (IIoT), which
can be used for any legacy machine for retrofitting. This architecture has several layers,
including the physical layer, [1oT layer, and cyber layer. The physical layer consists of physi-
cal devices, such as sensors, and actuators, which are used to send or receive the data to other
devices using the different [oT communication protocols, such as zig bee, MQTT, Bluetooth,
wifi, LoRaWan, etc. [26]. The second layer is the [oT gateway. Inside this layer are two more
layers — one is the I[loT gateway and the other is IloT middleware. The main aim of this layer
is to provide proper communication between the physical layer and the cloud layer.

The third layer is the cyber layer/cloud layer. The main aim of this layer is to store the
machine data coming from the different sensors [27]. From the energy point of view, we can
use different sensors to collect the AC data from any machine, such as the non-invasive SCT-
013 sensor, which can measure the current load up to 30A. Raspberry-pi or NodeMcu can be
used as a controller, and sensors are connected to GPIO pins of the controller (Raspberry-pi
or Node Mcu) with wires. Internet connectivity is a very important feature for sending and
collecting data from sensors to other software tools step by step.

There are many free gateways available, such as MQTT, Node-Red, etc., that provide the
connection between the physical layer and the cyber layer. After storing the data in the cloud,
use these data for Al and ML algorithms for training and testing and predict the energy con-
sumption of any legacy machine. Figure 7.4 shows a general architecture for retrofitting.

7.7 Conclusion and outlook

The main aim of this chapter was to study the application of Al and ML to improve the energy
efficiency of the manufacturing industry. Many studies show that manufacturing businesses
can benefit from Al and ML to increase their energy efficiency. However, we observed that
Al-derived benefits to the manufacturing industry is primarily achieved by increasing the
R&D, improving the knowledge learning and talent investment of manufacturing enterprises,



Application of ML & Al for energy efficiency in manufacturing 105

o
£ il ([~
£ (i 27
2 (4a](C
o0
A=)
= Analytics
(=]
g E e i
N l_ £ E g
= ] ) 8
5 2 =

o= =

= =

Raspberry pi Nord-Red

§ —
i D
5 (oD
& =),

Grafana

>

_ |

Figure 7.4 A general architecture for retrofitting.

and supporting the manufacturing industry to adopt the new technologies. The study found
that the manufacturing industry inhibits the implementation of Al and ML, because of high
initial investments. The use of Al and ML increases the energy efficiency performance of the
manufacturing industry, but this improvement is visible only when the industry performance
is good.

The following policy suggestions are proposed based on the above conclusions:

To accelerate the implementation of artificial intelligence in industries and provide the
positive impact of new technology advancements on energy efficiency. Strengthen the manu-
facturing industries to keep increasing their investment in Al research and development.

Maximize the use of Al and ML to provide the technical support for energy utilization and
provide the resources more appropriately in production, which can save energy as well as
reduce energy waste, and improve energy efficiency using Al and ML.

In manufacturing industries, a large number of industries are medium and small types, and
use very old machines. To adopt new technologies for these industries is very difficult. Till
now, very few research article has been published on the use of Al and ML, which is very
less as compared to the modern industry. To minimize the energy use of the manufacturing
industry, researchers should focus on the innovation of cost-effective technologies, so small
and medium enterprises can adopt the technologies, to improve energy optimization.
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8.1 Introduction

The upsurge of manufacturing companies around the world has enhanced liveability, but
it has also impacted the environment [1]. Therefore, manufacturing firms are under pres-
sure from government and non-government groups to reduce their negative environmental
impact and improve worker safety [2]. Thus, addressing these problems and providing effec-
tive solutions requires the implementation of sustainable ways in modern manufacturing
systems. There is no universal definition of sustainability; however, the most acceptable def-
inition was proposed by the Director-General of the World Health Organization (WHO) and
Norway’s former Prime Minister, Gro Harlem Bruntland [3], who defined it as “satisfying
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the present needs without affecting the needs of future generations”. According to Jawahir
and Wanigarathne [4], the primary features of sustainability are intended for the environ-
mental, economic, and social orientations in order to attain needs via efficient resource use.

Many firms have begun redesigning their existing manufacturing system to make them
more sustainable [5]. However, changing the existing process is projected to have significant
obstacles and difficulties on a technological and economic level. However, redesigning an
existing manufacturing system does not guarantee sustainable achievement [6]. Therefore,
it is essential to consider sustainability in the manufacturing process and drive plans toward
long-term development. Sustainability analysis in the production chain helps identify and
recognize potential improvements in the manufacturing system. For this purpose, manufac-
turing sectors are constantly looking to adopt new technologies to improve their manufac-
turing processes [7]. However, it is not easy to achieve sustainability in the manufacturing
system because it includes several practical aspects. Some of the aspects considered are as
follows:

»  Using non-hazardous and recyclable materials as well as inputs

*  Developing and planning manufacturing processes to reduce resource consumption
such as energy, material, and water consumption

»  Utilizing renewable energy to conserve the natural environment

*  Developing new product designs for reusable, remanufacturable, or recyclable goals

+  Extending design concepts using lesser resources and implementing easy-to-repair
techniques

The implementation procedures to attain the sustainable manufacturing strategy dif-
fer depending on the level of difficulties, types of organization, customer’s choice, assets
involved, etc. These difficulties can be overcome by considering all influencing factors while
going for sustainable manufacturing. A structural overview to achieve sustainability in man-
ufacturing is shown in Figure 8.1.

New
‘New product
technologies ~design
Raw
material
@ Process  Substitution
optimization

e Developing work
practice

Figure 8.1 Roadmap to achieve sustainable manufacturing [8].
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8.2 Sustainability and sustainability dimensions

Sustainability is the concept of improving the effectiveness and efficiency of organizations,
products, and systems. Conventionally, sustainability has three dimensions: economics, environ-
ment, and social, which have a significant effect on the overall process. Resource conservation
benefits both the economy and the environment. Work circumstances, educational conditions,
skill levels, and other factors contribute to the social component [9, 10]. The sustainable devel-
opment program was popularised by the World Commission on Environment and Develop-
ment (WCED), which encouraged many firms to adapt sustainable ways [11]. The adaptation of
sustainability in any firm needs to consider sustainability dimensions, as shown in Figure 8.2.

Sustainability dimensions are an essential part of monitoring and analyzing sustainabil-
ity and attempting to improve it. Dimensions aid in determining the state of the progress
achieved toward an aim, the obstacles and issues encountered when working toward an
objective, and the actions that must be implemented to solve the challenges and problems.
Sustainability dimensions highlight where the connections between the economy, environ-
mental stewardship, and society are lacking. Also, it proposes as well as priorities solutions
[12]. Table 8.1 shows some sustainability factors that can be utilized for the analysis of the
environmental, economic, and social dimensions [13].

g

Figure 8.2 Sustainability dimensions.

Table 8.1 Sustainability — Key Performance Indicators

Sustainability Key performance indicators

dimension

Environment Water use rate, renewable energy rate, % of recycled/reusable material, rate of
carbon footprint, rate of greenhouse emission, % of waste generated, waste disposal

Social Equality rate, diversity rate, training hours for each employee, expenses for social
initiatives, skilled labor

Economic Investment in technology, income from recycling programs, inventory and stock

cost, return on investment
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8.3 Relevance of sustainability in manufacturing

Manufacturing produces essential items and services that enhance human lifestyle and con-
tribute to the global economy. Manufacturing encompasses all industrial development from
the customer to the plant and back to the customer, thus including all types of services
associated with the production chain. Manufacturing can be classified into three categories:
(i) discrete manufacturing, (ii) process industries, and (7ii) services [14]. Many studies have
been carried out to determine the economic and social significance of manufacturing in vari-
ous parts of the world. As per the report of the World Bank, in the past decade, the manu-
facturing industry in India has made a substantial contribution of 13—16% to gross domestic
product (GDP) [15] and employed roughly 12% of the total workforce of the countries in
2014. According to researchers, every job created in manufacturing creates an additional
two to three jobs in the services sector. Then, returning to the prior model of sustainability,
there can be no debate regarding the significance of manufacturing on both the social and
economic pillars [8]. However, when it comes to the environment, we cannot avoid the
reality that manufacturing has a significant environmental impact. The first major factor is
the consumption of raw materials and energy. Furthermore, we must examine the influence
of manufacturing on climate change by accounting for the release of greenhouse gases and
toxic waste generation (hazardous and solid waste), floating plastic, water emissions, and
product end-of-life effects. Last but not least, the working atmosphere must be treated as part
of manufacturing sustainability [14].

8.4 Sustainable manufacturing

The new globalization faces difficulty in meeting the growing global demand for resources
and consumer products. The industrial sector must be geared toward long-term sustainabil-
ity in order to maintain the social, cultural, and economic sustainability of human life. The
shift to the fourth stage of industrialization is currently shaping the economic value produc-
tion of the early industrialized countries. This expansion, along with environmental and
social aspects, will create an abundance of opportunities for attaining sustainable manu-
facturing. Sustainable manufacturing can be expressed as a manufacturing approach that
reduces waste, environmental impacts, energy consumption, and material costs for greener
goods along with meeting the client’s needs [16]. These objectives can only be met through
employing practices that have an impact on process design, product design, and operating
principles that reduces material and energy consumption. Therefore, sustainable manufac-
turing can also be defined as a system that integrates processes and product design-related
issues with production planning and control in order to determine, assess, quantify, and
manage the drift of environmental waste with the aim of decreasing environmental impact.
Sustainable manufacturing is based on the 6R method (as shown in Figure 8.3) rather than
the 3R approach (reuse, reduce, and recycle) [17]. The term “reduce” in the 6R process refers
to minimizing the effort of utilizing resources and fuel/energy consumption during produc-
tion, resulting in less waste at the use stage. The “reuse” concept is associated with the reuse
of previously created items or components after their original lifespan, which leads to reduced
resource consumption [17]. “Recycling” refers to the practice of repurposing existing materi-
als that are traditionally regarded as garbage to create new materials or products. When com-
ponents are collected at the conclusion of their first lifespan, they are dismantled, cleaned,
and readied for the next life cycle. The term “redesign” involves redesigning the goods using
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Figure 8.3 6R method in manufacturing to achieve sustainability [20].

methodologies such as “design for the environment” to make them more manageable [18].
In terms of “remanufacture”, it covers the reuse of a previously used product, returning it to
its original condition via the recycling of as many components as possible while maintain-
ing function. There have been several initiatives to build models for adopting sustainability
in the manufacturing industries. Also, various frameworks for sustainable manufacturing,
modeling-optimization tools, and supply chains have recently been introduced. Regardless of
these frameworks and models, production engineers and designers must acknowledge the need
to produce sustainable products and processes. To properly incorporate the sustainability idea
into production, a long-term commitment to the whole design approach is essential [7, 19]. The
manufacturing industry’s sustainability may be addressed in three stages:

*  Research: Needs for early evaluation of explicit sustainability, such as energy, pollu-
tion, and material use. Throughout the lifespan of a product, research should anticipate
and prevent potential sustainability risks

*  Development: Enhancement of environmental performance with an emphasis on optimal
equipment selection and system design utilizing appropriate systems and methodologies

*  Commercialization: The cooperation of consumers, vendors, and suppliers to detect
potential issues in the product life cycle and fix it as needed

Modern manufacturing systems are helping to achieve stable, long-term processes, such
as additive manufacturing technologies are an example of manufacturing procedures that
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Figure 8.4 Sustainability aspects in manufacturing.

were previously solely employed for quick prototyping. However, additive manufacturing is
now opening the door to the additive production of diverse components. Additive manufac-
turing requires fewer number of production stages, resulting in significant waste and energy
savings [21]. Another example of how new technologies contribute to sustainable produc-
tion is laser-assisted manufacturing/machining, also known for prolonging tool life [22]. It is
also known to increase surface wear resistance and prolong product life. The development of
these technologies and other techniques, like minimal quantity lubrication (MQL) [23-26],
will support efficient large-scale production, which will benefit both environment and the
profitability of firms. However, sustainability is not limited to this extent and we have to
focus on many other aspects, as shown in Figure 8.4.

8.5 Challenges associated with sustainable
manufacturing

In the manufacturing sector, the lack of knowledge, facts, and information on green manufac-
turing, the threats associated with new kinds of technology, and poor laws are the three most
priority problems identified by Mittal and Sangwan [27, 28]. Bhanot et al. [29] compared
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their views on the issues encountered in sustainable manufacturing using surveys conducted
by researchers and industrial employees. From the different issues analyzed for the survey,
the perspective of two challenges appeared to match both the industrial employees and the
researchers. The first is that the implementation of sustainable manufacturing is hampered by
no access or limited to sustainable literature, which limits understanding the ideas and tech-
niques necessary to adopt sustainable manufacturing. The second problem encountered by
industrialists in adopting sustainable manufacturing is the delay in gaining economic advan-
tages owing to the high initial cost of implementation. The researchers’ and industrialists’ per-
spectives on the two difficulties also differed significantly. The very first challenge is a lack of
knowledge about sustainable products among local customers. Researchers believe that there
is a large gap in customer knowledge about green products or goods and that it is futile for the
industry to follow the goal of manufacturing sustainable or green products/goods until this goal
is achieved. Industrial workers believe that there is already a huge demand for green or sustain-
able processes and products. The second difficulty is the lack of established measurements,
on which both industries’ and researchers’ perspectives differ greatly. Furthermore, the other
factors that hamper achieving sustainable manufacturing are a deficit of a standard measure for
assessing sustainability, confined progress in identifying the suitable allocation schemes, lack
of data for conducting life cycle assessment in a streamlined manner, lack of adequate empha-
sis on a modular design, lack of specific data for designers to select materials, and a need for
dematerialization (particularly for service-related products) [30, 31]. There is a need for more
information on the ecological, economic, and social aspects of current manufacturing domains,
as well as some concepts for sustainable/greener operations, as shown in Figure 8.5.

Sustainable performance

_| Environmental Economic Social

"| Energy, Customer Participation, <
efficiency, satisfaction, pro-environmental
recycling, profit, behaviour,
resource employee quality of work life,
utilization, satisfaction empowerment

damage control

Challenges in sustainable
manufacturing

\ 4

A 4

Environmental management

and monitoring regulations Sustainable product development process

Economic policy, internal Product Process . Social
. Product lifecycle,  Energy modelling,  Motivation,
environmental management, o 2
. design phase, circular economy, career
external environmental eco-impact lean manufacturing  development

management, impact assessment

Figure 8.5 Factors influencing sustainability.
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8.5.1 Challenges in sustainable product design

The traditional role of a product/part design in manufacturing organizations has been to
ensure that the product accomplishes its targeted objectives based on the consumer’s choice,
considering the performance, economics, aesthetics, and efficiency of the product. However,
this does not account for issues such as waste management, end-of-life considerations, or
ethical considerations. In other words, the sustainable development parts of a design are usu-
ally neglected since they have broader environmental, social, and economic consequences
[8, 32]. A product’s usage and disposal must be defined by the designer, and they must
influence both the production and distribution processes in order to reduce environmental,
economic, and social effects. When it comes to disposing of automobiles and technological
garbage, modern environmental regulation has placed a heavy focus on recycling and reus-
ing these items [33]. With a greater emphasis on sustainable production, the product designer
is burdened with the added duty of evaluating the environmental effect of his/her actions. As
a result, it is crucial for the designer to first familiarize himself/herself with the numerous
challenges of sustainability. The materials and techniques used have a substantial impact on
the environment, economics, and society, so while designing any product, designers have
to consider many things. Figure 8.6 depicts the factors that influence the product designer’s
decisions.

Designers are trying to address most of the issues in the designing stage to achieve sus-
tainability in manufacturing, as shown in Figure 8.7. Design for sustainability is a product
design method that considers how a product may impact the environment, economics, soci-
ety, and its impact on sustainability aspects over the course of its life and aims to mitigate
any negative consequences by addressing them throughout the design phase. Addressing all
influencing factors for sustainable manufacturing is very challenging for designers.

Suppliers

Materials Community

Product designer

Investors Regulatory
agencies

Manufactur

Customers "
ing process

Figure 8.6 Factors affecting designer decisions.
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Figure 8.7 Design for sustainability.

8.5.2 Challenges in life cycle assessment

The life cycle assessment (LCA) technique is used to examine the many environmental
aspects connected with a commodity, from raw material procurement to manufacturing,
usage, and disposal. As such, it is an effective tool for assessing and finding possibilities to
improve a company’s long-term environmental impact. LCA consultants and organizations
cite a variety of advantages, including resource efficiency, cost savings, decreased environ-
mental liability, and product distinctiveness. However, a variety of obstacles prevent LCA
from being used more widely. These include the high cost of adoption, the difficulties of data
collecting, and the difficulty of presenting outcomes to stakeholders. Given these challenges,
LCA adoption is still limited in many sectors due to scalability issues [34]. Due to a lack
of data, it is hard to conduct a valid LCA to evaluate the environmental impact of develop-
ing technology in manufacturing. Despite several efforts to conduct simplified or screened
LCAs, all techniques have flaws and lack the openness and consistency essential for accurate
assessment. From the above discussion, it can be concluded that LCA of developing tech-
nologies revealed some major challenges, such as:

» Difficulty in comparability
*  Alack of appropriate and quality data
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*  Scaling concerns
*  Ambiguities and communication uncertainty
*  High cost

Hence, it is not possible to include all aspects of sustainability in the sustainable practice, as
shown in Table 8.2.

8.5.3 Challenges in material selection

The material selection process is designed to provide one or more materials with attributes
that meet the required functionality of products, such as stiffness or strength. Furthermore,
it is preferable, but not essential, that the materials effectively manage performance targets,
such as expense or ecological effects. Material selection is an interdisciplinary process that
needs the collaboration of many stakeholders, such as material scientists, test engineers,
product designers, and end-users. As a result, material selection challenges are often open-
ended, along with appropriate solutions subject to a continual trade-off between a variety of
restrictions and targets [35, 36].

Numerous uncertainties exist in material selection, including those related to design spec-
ifications and material attributes. Robust material selection includes a design specification
that completely describes a product’s functional needs and goals. However, design specifica-
tions are often insufficient or poorly specified. Furthermore, the primary failure mechanism
is determined by the material properties, and a design specification that applies to one mate-
rial type may not fit another. Material replacement participants must use caution to ensure
that the introduction of new materials does not disclose a latent failure mode that was not
specified in the original design specification [37, 38].

Several restrictions and goals often constrain material selection challenges. These may
be evaluated in non-comparable units, such as cost and weight, making direct correlation
challenging. Another source of uncertainty is material qualities. Material property data may
be inadequate or measured using incompatible experimental techniques. Since there are so
many uncertainties in material selection (as shown in Table 8.3), they are often based on
hunches or precedents. Precedent-based design is difficult since the results of the material

Table 8.2 Structural Overview of Challenges for Life Cycle Assessment

Inventory aspects Impact assessment aspects Generic aspect Evolving aspects

Ecosystem  Human health  Resources

Renewable Biological ~ Human toxicity, Abiotic Modeling approach: Positive impact,
energy, invasion, particulate resources, Consequential animal
water use and ecotoxicity, matter, biotic LCA, wellbeing,
consumption, land use endocrine resources, rebound effect, littering
delayed disruptors, changes in soil weighting,
emission, direct health  quality, uncertainty
allocation, effects, salinization analysis,
functional unit odor, data quality

noise analysis
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Table 8.3 Key Factors for Material Selection

Environmental Economic Society Manufacturability
Energy consumption Material cost Noise, harshness, and Formability
Toxic material Manufacturing cost vibration Jointability
Resource depletion End-of-life cost Crashworthiness Paintability
Greenhouse gas emissions Operation cost Health and wellness
End of life and recyclability Maintenance cost
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v Y y

Manufacturing data Material properties Service requirements
. . [e— . . < > . o
Surface finish, special Mechanical, physical, Operating conditions
treatments, etc. response to process and functions
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Economics

Material cost and availability,
process costs and comparisons

\4 VL

Process selection Material selection

A

'y
\ 4

Figure 8.8 Overview of material selection.

selection are sometimes counterintuitive and cannot be immediately addressed. Also, this
technique is not acceptable in the context of changing design parameters, like ecological
impact and fuel or energy usage [39]. Along with all the above challenges in material selec-
tion, some other considerations are shown in Figure 8.8.

8.5.4 Challenges in the selection of manufacturing processes

It is a very challenging decision for any manufacturing industry to select a process that con-
sumes fewer resources and less energy, generates low waste, and helps minimize the total
environmental, economic and social impact of the product. Pecas et al. [40] established a
model for comparing the life cycle performance of mold manufacturing procedures appro-
priate for small production volumes. The approach incorporates three distinct but necessary
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and interdependent performance criteria: economical, technological, and ecological. Two
possible technologies were analyzed: one comprising a metal spray shell backfilled with
aluminum powder and resin and the other based on aluminum machining. While the first
mold provides the greatest environmental and economical solutions, the second has greater
technical quality. Bambam et al. [41, 42] performed tribological and machining experiments
with four different environmentally friendly lubricants, including two halogen-based ionic
liquids mixed with canola oil, one halogen-free ionic liquid mixed with canola oil, and vir-
gin canola oil. Analysis of the result suggests that the reduction in cutting and thrust forces
were achieved by 21.70% and 26.80%, respectively, compared to virgin canola oil lubricant.
Also, a 32% reduction in surface roughness was achieved in the case of machining with
halogen-free ionic liquids mixed with canola oil compared with virgin canola oil. Although
the base lubricants were eco-friendly, the influence of different additives on the machining
performance was different.

Sustainable manufacturing is a fundamentally difficult subject that is critically dependent
on a variety of physical phenomena, like waste generation, heat generation, and energy con-
sumption, during manufacturing processes. Also, new materials and advanced manufactur-
ing technologies require new manufacturing processes to make the process more sustainable
in terms of cost, reliability and quality, remanufacturability, energy consumption, product
flexibility, and reductions in fossil carbon emissions. Therefore, it is very difficult to select
a manufacturing process as various factors directly or indirectly influence the selection pro-
cess, as shown in Figure 8.9.

Figure 8.9 Factors affecting the manufacturing process selection.
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Figure 8.10 Major challenges for recovery and recycling.

8.5.5 Challenges in recovery and recycling process

Several obstacles lie in the area of product recovery and recycling, which is a critical step in
the application of green concepts in sustainable manufacturing. The process of end-of-life
or discarded product collecting and returning to a recycling facility is one of the most com-
plex and expensive recovery fields. Another major challenge with recycling is the shortage
of markets for recycled material. Generally, both ferrous and nonferrous metals are ideal
targets for sustainable product recycling or recovery because they can be utilized in closed-
loop cycles. For example, steel and aluminum from a scrap automotive parts can be used to
manufacture a new product. However, recovered and recycled plastic parts are not preferred
for commercial use due to the degradation of properties and are also not advisable for closed-
loop recovery and recycling [43, 44]. Also, there is a scarcity of systems that can facilitate
mixed and refurbished parts, insufficient knowledge, literature, and technology on recycling
and recovery, and the lack of smart manufacturing systems for remanufacturing and recy-
cling as well as shorting process, as shown in Figure 8.10. Other problems include the nega-
tive perceptions of items created from recovered or recycled materials and manufacturers’
unwillingness to adopt innovative designs based on end-of-life recovery.

8.6 Barriers to achieving sustainability for small-scale
industries

In today’s world of global competition, there is a rising demand for products that are eco-
nomical, of higher quality and variety, delivered faster, and comply with local and worldwide
environmental rules. As a consequence, industrial companies are under enormous pressure
to run operations that make optimal use of resources and services. Small- and medium-sized
enterprises (SMEs) are failing in two crucial manufacturing areas, process technology, and
quality. According to the study, one of the major challenges in small businesses is a lack of
awareness of green production initiatives [45].

Furthermore, stakeholders mostly focus on economic challenges rather than addressing
environmental and social sustainability. The most significant impediment to achieving sus-
tainable manufacturing in SMEs is a lack of knowledge of the importance of sustainable
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Figure 8.1 Barriers for small- and medium-sized enterprises to achieving sustainability.

design, owing to a lack of awareness among stakeholders. People issues (lack of orga-
nizational commitment), strategic problems (financial, resources, information, technical,
performance measurement, managerial, organizational, etc.), and functional issues (pro-
curement and supply chain function, lack of management structures and processes, etc.)
are regarded as barriers to sustainable practices. Developing a culture of sustainability
among collaborators or stakeholders is progressing slowly in SMEs, despite the fact that
sustainability issues are now incorporated into many government policies and initiatives.
Figure 8.11 shows the key barriers to the development of sustainable manufacturing in
general. The challenges to addressing the carbon emission aspects of sustainability prac-
tices and limiting emissions were absent. Also, SMEs cannot disregard what their share-
holders and stakeholders expect since, in today’s competitive climate of technological
progress, globalization, and inventive rivals, enterprises must continually improve their
performance.

8.7 Conclusion

In this work, the study identifies the challenges that must be overcome in order to adopt a
sustainable manufacturing system. Sustainable manufacturing techniques are the industry’s
biggest strengths, but all organizations are not able to adopt sustainable manufacturing due
to many reasons, such as aspects of the environment, society, and economics, which may be
difficult to achieve because of high investment, stockholder’s decision, lack of awareness,
etc. Furthermore, the problems highlighted in this work will assist decision-makers in vari-
ous sectors in implementing sustainable manufacturing practices for high-quality products
at a reasonable cost.
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9.1 Introduction

In the late 20th century, the emergence of harmful consequences exposed the harms of
economic growth and led to attempts to raise awareness and possibly correct the conse-
quences of modernization. Important international organizations and academic institutions
expressed new approaches to development, and one of them emerged as “sustainability”
(Javanmardi et al. 2020). Sustainability resulted from increased awareness of social, envi-
ronmental, and economic issues on a global scale, along with concerns about poverty,
inequality, and a healthy future for humanity (Lindsey 2011). The role of the manufactur-
ing industry in economic growth is substantial. Due to rapid production techniques, the
factors causing environmental pollution have increased. Studies continue to reduce or
completely eliminate these harmful factors that cause climate change. The concept of sus-
tainable manufacturing, which emerged in the production industry, is aimed to eliminate
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harmful factors and environmental concerns or reduce unwanted effects. Sustainable man-
ufacturing aims to protect energy and natural resources, reduce adverse environmental
conditions, and produce products under economic conditions (Sarkis 2001). Sustainable
manufacturing processes have been popular in recent years (Machado et al. 2019). Since
the early 1990s, conventional fluids have been used to improve the processes of machining
(Haider and Hashmi 2014). In manufacturing processes (turning, milling, grinding, drill-
ing, etc.), cutting tools account for approximately 4% of production costs, while metal cut-
ting fluids account for approximately 17% (Gajrani et al. 2022). However, when machining
difficult-to-machine materials, cutting fluid costs can rise to 20-30% of production costs
(Pusavec et al. 2010). Cutting fluids basically have three important functions, lubrication,
cooling, and removal chips, from the cutting zone (Figure 9.1). Conventional cutting flu-
ids can reduce the cutting temperature, the friction between the cutting tool, workpiece,
and chip interfaces, prolong the cutting tool and increase processing efficiency (Yin et al.
2018; Yang et al. 2021).

Cutting fluids used in metal machining are in the petroleum-based mineral oil group
(Benedicto et al. 2017). Since cutting fluids are petroleum-based, they can cause seri-
ous diseases in terms of human health, such as cancer, skin disease, respiratory tract
disorders, etc. (Sirin and Sirin 2014). Studies on methods that will minimize or com-
pletely eliminate the adverse effects of cutting fluids on ecological and occupational
health in sustainable manufacturing processes have increased in recent years. The best-
known of these methods is minimum quantity lubrication (MQL-also known as near-
dry machining). MQL represents a system that converts compressed air into an aerosol
mist with a small amount of oil. Different cutting fluids are used in the MQL system.
In studies on the MQL system, researchers examined the performance of different oils

Figure 9.1 Role of the cutting fluids.
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(i.e., vegetable-based, synthetic, fatty, semi-synthetic, and mineral) (Gajrani and Sankar
2020). In the results obtained by the researchers, they stated that vegetable-based oils
showed the best performance in the MQL system. Researchers have tried different veg-
etable-based oils in the MQL system, for example, coconut oil (Fernando et al. 2020),
rice bran oil (Bedi et al. 2020), jojoba oil (Gaurav et al. 2020), sunflower oil (Anand
and Mathew 2020), canola oil (Bambam et al. 2022), soybean oil (Okafor and Nwoguh
2020), rapeseed oil (Subramani et al. 2022), and corn oil (Arsene et al. 2021). Due to the
non-toxicity and biodegradability properties of these vegetable-based oils, their nega-
tive effects on human health are extremely low compared to conventional cutting fluids.
Due to all its advantages, although vegetable-based oils are used in the MQL system, it
lags behind conventional cutting fluids with regard to machining efficient (Bhuyan et al.
2018). The researchers used nano-sized particles with high lubricant performance and
thermal conductivity coefficient (Bandarra et al. 2014) to increase the performance of
the MQL system. The mixture formed with the addition of small sized particles is called
nanofluid. Nanofluid mixtures are prepared by adding nano sized (usually 1-100 nm)
particles to the cutting oil with different mixing processes and mixing ratios (wt.% or
vol.%). In the nanofluid preparation process, two methods, one-step and two-step, are
preferred. However, previous studies show that the two-step method is preferred due
to its ease of application and cost-effectiveness. Commercially nanoparticles are doped
directly into the cutting oil in two step method. More detailed information about the
nanofluid mixing processes are detailed in other sections. The prepared mixtures are
included in the MQL system and aerosol mist is created with compressed air. The pul-
verized nanofluids (Figure 9.2) are sent to the cutting zone under pressure. Nanofluids
provide satisfactory results not only because of their lubricating and thermal conductiv-
ity properties but also the mechanisms in the cutting zone. Nanofluids outperform due
to the rolling, mending, filling and polishing etc. in the cutting zone compared to MQL
(Gajrani et al. 2019).

Spindle

Aerosol

mist iT MQL system

Aerosol
~~~~~ mist
= - ‘ - SESETIR
‘Workpiece ; —— >
Dynamometer = T
Hybrid
_nanofluid_ }

Figure 9.2 Nanofluid aerosol mist and pulverization (Sirin and Kivak 2021).
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Nanoparticles are more preferred in nanofluid mixtures, such as ceramic-based (e.g.,
hBN, graphite, and graphene nanoplatelets (GnP)) and metal-based (Au, Cu, Fe, Zn, and
Ti). Nanoparticles have different shapes (layer, spherical, fiber, etc.), thermal conductiv-
ity coefficients, density, and dimensions (diameter, thickness, length, etc.). The different
superior properties of nanoparticles have provided researchers with different investigation
opportunities (Agbulut et al. 2021). When two or more nanoparticles are doped to the same
mixture, it is called a hybrid nanofluid (Junankar et al. 2021). It was found few studies in
the literature on the performance evaluation and/or characterization of hybrid nanofluids
in the machining process. Agglomeration and sedimentation should be avoided in mono or
hybrid nanofluid mixtures. In the literature, researchers used different mixing processes,
such as ultrasonication, vibration, mechanical, and magnetic, for homogeneous mono or
hybrid nanofiluids. It has been stated that the use of hybrid nanoparticles is more effective
in providing ideal cooling/lubrication owing to the synergistic effect of nanoparticles in
the MQL method. Surfactants are added to the nanofluid mixture to increase the shelf life
of mono or hybrid nanofluids and to relatively prevent aggregation and sedimentation
problems. However, in some studies, it has been mentioned that the added surfactants
have some disadvantages, such as foaming, reducing the thermal transfer coefficient, and
increasing the viscosity (Babita et al. 2016). Studies in which mono or hybrid nanofluid
mixtures prepared with adding surfactants have tribological effects are limited. Another
cooling method used in sustainable manufacturing is cryogenic cooling, using different
cryogen gases. Gases such as nitrogen (N,), carbon dioxide (CO,), argon (Ar), and helium
(He) are used in cryogenic cooling, also known as subzero cooling (Yildiz and Nalbant
2008). Cryogens used in liquid or gaseous form are non-toxic and extremely effective in
lowering the cutting temperature. However, it has been reported in some literature studies
that the chips have difficulty leaving the workpiece, as it reduces the cutting temperature
to low levels (Figure 9.3) (Yildirim et al. 2020).

Hybrid cooling/lubrication, which combines the lubrication of nanofluid method and the
cooling properties of cryogenic method, has been a subject of interest for researchers in
recent years. Studies continue on the sustainable hybrid cooling/lubrication method, which
has just begun to be studied in the literature.

Plastered chip

Figure 9.3 Application of cryogenic cooling (Yildirim et al. 2020).
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This book chapter aims to examine the cooling/lubrication methods to be used in the
future for sustainable manufacturing. For this purpose, MQL machining, nanofluid machin-
ing, hybrid nanofluid machining, cryogenic cooling machining, and hybrid cooling/lubri-
cation machining methods were investigated. The chapter also provides the reader with
suggestions for improving the cooling/lubrication methodology.

9.2 Results and discussions

9.2.1 MQL machining

The first use of “minimum quantity lubrication” in the literature seems to have been made
by Weck and Koch in 1993 regarding the bearings (Boswell et al. 2017). MQL is a method
in which a small scale of liquids (20—-100 mL/h) is sent directly to the cutting zone as an
aerosol mist by combining with compressed air (Sirin and Kivak 2021). The use of the
MQL method, also called semi or near-dry processing, is increasing day by day in indus-
trial applications (Sartori et al. 2018). The MQL method is described as the pressurized
spraying of a little amount of biodegradable liquid particles mixed with compressed air
onto the cutting zone (Sirin and Kivak 2019). The effective lubrication film layer formed
in cutting tool-workpiece surfaces can reduce cutting temperature and tool wear mecha-
nisms. MQL is an alternative method that minimizes the negative effect on employee
health, uses biodegradable oil, does not contain toxic substances, reduces cutting forces,
prolongs tool life, and increases product quality compared to wet cutting consist of large
amount of cutting fluids (Mia et al. 2019; Makhesana and Patel 2021). Although the MQL
method is one of the solutions that eliminates the adverse effects of both petroleum-based
traditional fluid and dry machining, it can be used efficiently in traditional processes, such
as turning, milling, grinding, and drilling (Sirin and Sirin 2021; Fratila and Caizar 2011).

Due to sustainability and low oil consumption requirements, it is important that MQL
fluids have the following characteristics (Boswell et al. 2017):

*  biodegradable,
*  high lubrication, and
*  high stability.

In the MQL method, the pressurized oil mixture is applied to the cutting tool and work-
piece zones in two different forms, from inside the cutting tool or outside through the nozzle
(Figure 9.4). In the internal application system, air and oil mix together and reach a nozzle
through a single/double channel to the cutting tool (Figure 9.5).

In addition, two different nozzles, ejector-type and conventional-type, can be used in an
external MQL application. The air/lubricant aerosol mist sent to the cutting zone can be
mixed before in an MQL system, and it can also be mixed in the nozzle. External MQL
applications are given in Figure 9.6.

9.2.1.1 MQL machining case study |

Dhar et al. turned AISI 4340 material under different conditions (dry, wet, and MQL).
According to experimental results, researchers claimed that the MQL condition reduced tool
flank wear value (Figure 9.7 (a)). In addition, according to the surface roughness results,
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Figure 9.7 Experimental result: (a) flank wear and (b) surface roughness (Dhar et al. 2006).

it was stated that MQL machining showed the best performance (Figure 9.7 (b)). MQL
machining was followed by wet and dry machining in tool wear and surface quality results,
respectively (Dhar et al. 2000).

9.2.1.2 MQL machining case study 2

Hadad and Sadeghi turned AISI 4140 material under dry, wet, and MQL conditions.
Machining forces and surface quality are investigated as machining performance in the
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Figure 9.8 Experimental results: (a) cutting force and (b) surface quality (Hadad and Sadeghi 201 3).

study. In addition, the MQL nozzle is positioned as flank, rake, and both faces. As shown
in Figure 9.8 (a), MQL condition and both nozzle (flank + rake face) positions provided the
best performance. As shown in Figure 9.8 (b), MQL condition performed better compared
to dry and wet conditions (Hadad and Sadeghi 2013).

9.2.2 Nanofluid machining

There are different types of nanoparticles in terms of physical, chemical, size, and morphol-
ogy properties (Khan et al. 2019). Nanoparticles can be divided into six groups: carbon,
ceramic, metal, semiconductor, polymeric, and lipid-based nanoparticles. Nanoparticles have
an average size of 1-100 nm, which is equal to one billionth of a meter (0.000000001 m),
and have shapes such as star, spherical, triangular, cubic, hexagonal, oval, helical, prism,
rod, cube, sphere, plate, and fiber. Nanoparticles can be produced from chemically stable
metals, ceramics, metal carbides, metal carbons, and nitride. Nanoparticles in a mono state
have some advantages: lubricity, high thermal conductivity, mechanisms exhibited, etc.
When nanoparticles are added to a liquid to form a mixture, even in very small quanti-
ties, nanoparticles significantly increase the heat transfer capacity of the resulting mixture
(Rajak et al. 2022). Thanks to the mechanisms of nanoparticles, it provides the mixture with
properties such as lubricating, reducing friction, and increasing its tribological performance.
Nanoparticles performed the mechanisms in the nanofluid mixture such as mending, protec-
tive thin film, rolling, and polishing (He et al. 2019). Some of the mechanisms that nanopar-
ticles showed in the nanofluid mixture are given in Figure 9.9.

When nanoparticles are added to a fluid, they are also called named nanofluids. Nano-
fluid was first invented by Choi in 1995 to describe a stable colloid mixture or suspension
between nanometer (107° m)-sized solid particles into a liquid-based fluid (Suresh et al.
2011; Minea 2017). Since nanoparticles are hydrophobic, extreme care should be taken
while preparing the mixture. There are two main methods of nanofluid preparation: one-
step and two-step methods. While the two-step method covers the production and distribu-
tion operations, the one-step method depends on both being done at the same time. The
two-step method is simpler to implement compared to other methods. Therefore, research-
ers were recommend the two step method for preparing a nanofluid suspension (Sirin and
Sirin 2021; Sarikaya et al. 2021). Some studies conducted in the literature, researchers use



Sustainability in manufacturing 133

SIEME  Mending  Tabofim  Inerlayersiiding

......

A

L -
- N~

Y ‘ Polishing
Basefluid| | | ———

=i

(a)

Figure 9.10 Nanofluid mixing process: (a) doped nanoparticles, (b) mechanical stirrer, (c) ultrasonica-
tion, (d) magnetic stirrer, and (e) nanofluids (Sirin and Kivak 2021).

mixing techniques such as mechanical stirrer, ultrasonic homogenizer, magnetic stirrer, and
ultrasonic bath (Sirin 2022). The mixing processes applied while preparing the nanofluid
are given in Figure 9.10.

Increasing the shelf life of nanofluid mixtures after the mixing process is still a matter of
interest. Therefore, it is aimed to increase the shelf life of nanofluid mixtures and to provide
a homogeneous suspension mixture in the studies. Agglomeration and sedimentation are
the biggest problems in nanofluid suspension mixtures. The sedimentation rate can change
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Figure 9.1 Application of nanofluid machining (Giinan et al. 2020).

proportional to the square of nanoparticle radius according to Stokes law given in Eq. (9.1)
(Singh et al. 2020):
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In the equation, V : sedimentation rate, R: average radius of the nanoparticle, p: viscosity
of the liquid, p,: density of the nanoparticle, and p, : density of the liquid. In addition, using
smaller radius nanoparticles can reduce sedimentation rate. Increasing the nanoparticles sur-
face energy can cause nanoparticle aggregation. Therefore, choosing an optimal rate of the
nanoparticle size is necessary for homogeneous mixture.

The long shelf life, low stability and tendency to agglomerate of nanofluid mixtures make their
future use difficult on a large scale. Nanofluids may lose their heat transfer capacity and homoge-
neous because of sedimentation and change their thermophysical properties (Fuskele and Sarviya
2017). The most commonly used techniques for nanofluid stability are: surfactant addition (E.
Sirin et al. 2021), ultrasonic mixing, and pH control of suspensions (Nobrega et al. 2022).

Prepared homogeneous nanofluids were transferred to the cutting zone by MQL method.
It has been stated in the literature study that nanofluids gave prolonged cutting tool life (Sirin
and Sirin 2021; Giinan et al. 2020), and improve the surface quality (E. Sirin et al. 2021).
The image in which the nanofluids are sent to the cutting zone is given in Figure 9.11.

9.2.2.1 Nanofluid machining case study |

Yiicel et al. turned AA 2024 T3 aluminum alloy under dry, MQL, and MoS, nanofluid conditions.
Researchers examined surface quality, cutting temperature, and cutting tool wear mechanisms
as performance criteria in their studies. According to experimental results, nanofluid machining
improved the surface quality (Figure 9.12 (a)), reduced the cutting temperature (Figure 9.12 (b)),
and delayed tool wear compared to dry and MQL conditions (Yiicel et al. 2021).
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9.2.2.2 Nanofluid machining case study 2

Gaurav et al. (2020) turned hardened Ti6-Al-4V material under dry, MQL (vegetable-based
jojoba oil and mineral-based LRT30), 0.1, 0.5, and 0.9 wt.% doped MoS, to jojoba oil, 0.1,
0.5 and 0.9 wt.% doped MoS, to LRT 30 nanofluid conditions. Researchers preferred machin-
ing performance criteria: cutting forces, surface roughness, and tool wear. At the end of tests,
jojoba 0.1 wt.% doped MoS, showed better performance in cutting forces (Figure 9.13 (c)),
surface roughness (Figure 9.13 (a)), and tool flank wear (Figure 9.13 (b)) (Gaurav et al. 2020)

9.2.3 Hybrid nanofluid machining

In the previous sections, it was stated that a hybrid nanofluid was obtained by mixing two or
more nano-sized particles. In other words, hybrid nanofluids are liquids containing different
types of nanoparticles. The nanofluid preparation process is extremely important because
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Figure 9.13 Experimental results: (a) surface roughness, (b) flank wear, and (c) cutting forces (Gaurav
et al. 2020).
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Figure 9.14 Preparation of hybrid nanofluids.

the Van der Waals and cohesive forces of different nanoparticles are different. One-step or
two-step methods are utilized in the preparation of the hybrid nanofluids, such as mono-type
nanofluids. Mono or hybrid nanofluid preparation methods are given in Figure 9.14.

Nanoparticles with different densities, shapes, and thermophysical properties can show dif-
ferent mechanism effects in the same fluid. In the section on nanofluid machining, it was stated
that mono nanoparticles showed the mechanisms of mending, protective thin film, rolling, and
polishing effects. Nanoparticles in the hybrid nanofluids show some additional mechanisms (syn-
ergistic effect (Yildirim et al. 2022), interlayer sliding effect (Sirin and Kivak 2021), and hybrid
particle effect (Sirin 2022). Some mechanisms of hybrid nanoparticles are given in Figure 9.15.

The long-term stability of nanoparticles can be a challenge, especially in hybrid nanoflu-
ids. This situation can be expressed by the colloidal suspension behavior of two different
nanoparticles against mono nanoparticles. The selection of hybrid particles is important to
obtain a synergetic effect, superior tribological performance, and better heat transfer perfor-
mance. Different base fluids and nanoparticles are used to prepare hybrid nanofluid mixtures.
Some base fluids and nanoparticles used in nanofluid mixtures are shown in Figure 9.16.

In the literature research, it has been seen that there are not enough studies on hybrid
nanofluids. In a few studies, it has been stated that hybrid nanofluids are more advantageous
than mono nanofluids. The advantages of hybrid nanofluids include a high heat transfer coef-
ficient, better thermophysical properties, high tribological performances, effective lubrica-
tion during machining, and better wettability characteristics.

9.2.3.1 Hybrid nanofluid machining case study |

Yildirim et al. turned AISI 420 hardened steel under dry, MQL, mono/hybrid MWCNT,
ALO, and MoS, nanofluid conditions. The researchers prepared the hybrid nanofluids by
mixing at 0.6 vol.% in ratios of 1:1, 1:2, and 2:1. As performance criteria, surface qual-
ity, cutting temperature, and cutting tool wear mechanisms were examined in the study.
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Researchers reached the following conclusions: Al,O,:MoS, 2:1 hybrid nanofluid showed
the best performance in terms of surface roughness (Figure 9.17 (a)), AL,O,:MoS, 1:1 hybrid
nanofluid showed the best performance in terms of cutting temperature (Figure 9.17 (b)),
and Al,O,:MoS, 2:1 hybrid nanofluid exhibited the best performance in terms of flank wear
(Figure 9.17 (¢)) (Yildirim et al. 2022).

9.2.3.2 Hybrid nanofluid machining case study 2

Khan et al. turned AISI 52100 steel under MQL, AlO, nanofluid, and hybrid nanofluid
conditions. Mono and hybrid nanofluids were prepared at 0.2 vol.%, 0.75 vol.%, and 1.20
vol.%. The researchers chose surface quality, power-energy consumption, and cutting tool
life as performance characteristics. The outstanding results in the experimental study: Al-GnP
hybrid nanofluid with 1.20 vol.% showed the best performance in terms of surface roughness
(Figure 9.18 (a)), cutting power, and machine tool power (Figure 9.18 (b)) (Khan et al. 2020).
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Figure 9.17 Experimental results: (a) surface roughness, (b) maximum cutting temperature, and
(c) flank wear (Yildirm et al. 2022).
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9.2.4 Cryogenic cooling machining

Another process used in sustainable manufacturing is cryogenic cooling (also called sub-
zero cooling) machining. Cryogenic cooling is an environmentally friendly machining
process and was first used by Uehara and Kumagai in 1969 (Sivaiah and Chakradhar
2020). Cryogenic cooling machining, one of the most effective methods of controlling
temperature during manufacturing processes (i.e., turning, milling, grinding, drilling,
etc.), is performed using a gaseous-based cooler. The most preferred cryogens for cool-
ing are air, nitrogen (N,), helium (He), carbon dioxide (CO,), and argon (Ar) (Yildiz and
Nalbant 2008; Sirin 2022). Recently, these cryogens have been used in the gas or liquid
phase to control cutting temperature by researchers (Jebaraj and Kumar 2019). However,
in cryogenic cooling, CO, and LN, are often preferred because they are anti-corrosive,
anti-flammable, nontoxic, and odorless (Gupta et al. 2021). When both gases are used as
refrigerants, low-temperature generation needs to be distinguished. CO, and LN, phase
diagrams are shown in Figure 9.19.

The gases used in cryogenic cooling must be stored in a storage tank. The gases pressur-
ized in the storage tanks produced in different capacities are sent to the cutting zone with a
cryogenic nozzle (Figure 9.20). To minimize thermal losses, researchers prefer a vacuum-
jacketed hose for cryogen transfer (Yildirim 2019).

9.2.4.1 Cryogenic cooling machining case study |

Gupta et al. (2021) turned o-P titanium alloy material under dry, CO,, and LN, conditions.
In the study, the researchers preferred flank wear, surface roughness, cutting temperature,
and cutting force as performance criteria. Researchers claimed that LN, showed better per-
formance in terms of flank wear (Figure 9.21 (a)) and cutting force, while CO, showed
better performance in terms of surface roughness (Figure 9.21 (b)) and cutting temperature
(Figure 9.21 (c)) (Gupta et al. 2021).
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Figure 9.19 Phase diagram for (a) CO, and (b) LN, (Blau et al. 2015).
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9.2.4.2 Cryogenic cooling machining case study 2

Ugak and Cigek drilled Ni alloy 718 with TiAIN coated and uncoated drills under dry, wet,
and cryogenic cooling/lubrication. The authors claimed that wet conditions showed the best
performance in surface quality (Figure 9.22 (a)). LN, condition showed the best perfor-
mance at the cutting temperature (Figure 9.22 (b)) (Ugak and Cigek 2018).

9.2.5 Hybrid coolingllubrication machining

Hybrid cooling/lubrication is one of the most curious topics, especially in sustainable
manufacturing. In this method, a combination of cryogen cooling properties and MQL
applications such as mono/hybrid nanofluid properties are employed. However, it has been
understood that the studies in the literature on hybrid cooling/lubrication are insufficient.
Hybrid cooling/lubrication methods include MQL + cryogenic, nanofluid + cryogenic, and
hybrid nanofluid + cryogenic. MQL + cryogenic hybrid cooling/lubrication systems are
shown in Figure 9.23.

Hybrid cooling/lubrication machining has many advantages over other cooling/lubrica-
tion methods. Controlling the temperature occurs in deformation regions (primary, secondary,
and tertiary) of the cutting zone with cryogenic cooling, efficient lubrication with MQL, and
synergistic effect with mono and hybrid nanofluids can be given as examples for hybrid cool-
ing/lubrication. The effects of different cooling/lubrication efficient are given in Table 9.1. In
particular, hybrid cooling/lubrication machining results show promise in cooling, lubrication,
and product quality.
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Figure 9.22 Experiment results: (a) surface roughness and (b) cutting temperature (Ugak and Cigek
2018).



144  Senol Sirin

T

compressor ‘

compressed
air inlet ()

|~ Tailstock - e B s s
N ey < 83Seous N
0y 5N flow
P i "\
"‘\\\ Cryogenic = =f= = = = = = = - - — =
: : R\ nosala pressure pressure
cutting MQL gauge s« relief
tool |\ ooole valve
| vy T H .
nanofluid MQL
MQL device flow
pressure
-

Figure 9.23 Application of hybrid cooling/lubrication machining: (a) MQL machining, (b) cryogenic

machining, and (c) cutting temperature ($irin 2022).

Table 9.1 Application and Efficiency of Various Cooling/Lubrication Machining (Jawahir et al. 2016)

Effects of the Food (emulsion/  Dry MQL (oil)  Cryogenic  Hybrid
cooling and oil) (compressed (LN2) (LN2 + MQL)
lubricating strategy air)
Primary Cooling Good Poor Marginal  Excellent Excellent
Lubrication Excellent Poor Excellent Marginal  Excellent
Chip Removal Good Good Marginal Good Good
Secondary  Machine Cooling Good Poor Poor Marginal ~ Marginal
Workpiece Cooling  Good Poor Poor Good Good
Dust/Particle Control ~ Good Poor Marginal  Marginal Good
Product Quality Good Poor Marginal  Excellent Excellent
(Surface Integrity)
Sustainability Water pollution, ~ Poor surface  Harmful  Initial cost Initial cost
Concerns microbial integrity due  oil vapor and oil vapor
infestation,and  to thermal
high cost damage

(Source: Data from Brinksmeier, Jawahir, I. S., H. Attia, D. Biermann, J. Duflou, F. Klocke, D. Meyer, S.T. Newman,

et al.“Cryogenic Manufacturing Processes” CIRP Annals 65, no 2 (2016):713-736.)
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9.2.5.1 Hybrid cooling/lubrication machining case study |

Yildirim et al. turned Inconel 625 material under different cooling/lubrication methods (i.e.,
MQL, cryogenic and hybrid). The researchers used liquid LN, for cryogenic cooling. The cut-
ting temperature (Figure 9.24 (a)), surface roughness (Figure 9.24 (b)), and tool wear (Figure
9.24 (c)) results showed that cryogenic + MQL hybrid cooling/lubrication machining performed
better than dry and MQL machining. It has even been claimed that MQL machining outper-
forms tool wear in cryogenic conditions. It was also emphasized that in cryogenic machining,
the chip does not break regularly and plasters to the workpiece (Yildirim et al. 2020).

9.2.5.2 Hybrid coolingl/lubrication machining case study 2

Sirin turned 25 superalloy materials under dry, MQL, nanofluids (GnP and MWCNT),
hybrid nanofluid, cryogenic (gaseous N.), and hybrid cooling/lubrication conditions. The
researcher stated that at the cutting temperature of the cryogenic condition (Figure 9.25
(b)), the MWCNT/GnP + cryogenic hybrid cooling lubrication condition performed better
in terms of surface roughness (Figure 9.25 (a)) and tool wear (Figure 9.25 (c¢)) compared to
all other conditions (Sirin 2022).

9.3 General conclusion and future trends

The aerospace, weapons, petrochemical, nuclear energy, and medical industries are among the
rapidly developing global manufacturing industries. The specifications such as high strength,
toughness, and high-temperature resistance, etc. required by these industries have led to the
emergence of superior materials (Kim et al. 2020). Examples of superior materials are high-
strength steel, titanium alloys, and superalloy materials. Although the superior properties of
these materials are advantageous, difficulties are encountered during processing. Therefore, such
materials are known to be difficult to machine materials. When machining these materials, high
friction occurs in elastic-plastic deformation. Friction can cause undesirable high-temperature
formations in tool-chip-workpiece interfaces. Cutting fluids are an alternative method to reduce
the temperature in tool-chip-workpiece interfaces. However, petroleum-based fluids cause
important pollution in the environment, and micro-scale mist particles evaporation of the heat
damage the health of the employees (Chetan et al. 2015). It is necessary to reduce the environ-
mental pollution caused by cutting fluids and employ clean, sustainable manufacturing accord-
ing to environmental protection and sustainable improving requirements (Aratjo et al. 2017). In
recent years, the development of environmental-friendly sustainable manufacturing technology
relying on sustainable science and engineering theory has become an important research point
in industrial applications (Mia et al. 2018). The most preferred and future-trending methods in
sustainable manufacturing are MQL machining, nanofluid machining, hybrid nanofluid machin-
ing, cryogenic cooling machining, and hybrid cooling/lubrication machining. In this chapter,
sustainability in manufacturing and future trends in cooling/lubrication techniques were exam-
ined. As a result of the investigations, the following conclusions were reached:

i)  MQL machining: Although MQL machining performs better for surface roughness and
reducing the cutting temperature, it lags behind conventional metal cutting fluids.

ii) Nanofluid machining: It has increased the thermal transmission coefficient and machin-
ing efficiency of the vegetable-based oil in the MQL system, thanks to the nanoparticle
mechanisms.
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Figure 9.25 Experimental results: (a) surface roughness, (b) temperature, and (c) flank wear (Sirin

2022).

iii) Hybrid nanofluid machining: In the technique, which shows a synergistic effect with the
combination of different nanoparticles, substantial improvements in tool life have been
observed.

iv) Cryogenic machining: In the technique, which used CO, and N, gases, the cutting tem-
perature values, especially in the cutting zone, are reduced.

v) Hybrid cooling/lubrication machining: With the combination of MQL, nanofluid and
hybrid nanofluid and cryogenic gases, both the processing efficiency has increased, and
the temperature values have been under controlled in the cutting zone.
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10.1 Introduction

Environmental sustainability means conserving natural resources so that the health and well-
being of the present and future ecosystems can be protected. The well-being of human beings
is closely related to environmental sustainability. Clean air and fresh water are the need of
the hour. Rapid industrialization is deteriorating the health of our planet. The increased emis-
sion of carbon dioxide, methane, carbon monoxide, etc., from industries has worsened the
atmosphere. Global warming is causing ice to melt and has resulted in floods, unseasonal
rainfall, and variation in climatic conditions. Population increase is another issue that leads
to increased farming, resulting in increased carbon emissions. The variation in climate has
resulted in detrimental agricultural production. Thus, many state and central governments
of several countries worldwide have developed policies and execution methodologies for
checking global warming. The government and its policies alone cannot achieve environ-
mental sustainability. Manufacturing companies are also equally responsible for achieving
environmental sustainability. Efficient usage of electricity also contributes to ecological
sustenance. Companies will have to adopt practices that make them socially responsible
and environmentally sustainable. Making use of clean energy is one such example. Over-
dependency on fossil fuels is another issue plaguing several countries around the world.
Increased use of clean energy, such as solar energy, geothermal energy, wind energy, etc.,
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can bring the green gas emission under control. Thus, global warming can be brought under
control. Vehicular pollution is also increasing around the world. This will also result in car-
bon dioxide, carbon monoxide, methane, etc. This will also contribute to global warming to
a large extent. This clearly shows the harmful effects of global warming and signifies the
need for companies to follow practices that would lead to environmental sustenance and
become socially responsible.

10.1.1 Scenario in India

The National Clean Air Programme (NACP) policy floated by the Government of India
targets to achieve a 20% to 30% reduction in PM,; and PM, ; concentrations by 2024. Pol-
lutants can be in solid, liquid, or gaseous forms. In 2018, the Government of India came out
with a comprehensive action plan for implementing the policy, with clear timeframes. It also
includes the names of agencies responsible for implementation. The Government of India
also floated the Environment Protection Act in 1986. Table 10.1 shows the details of the air
pollution act.

The act aims to protect the environment by implementing specific practices, to tackle
specific environmental problems in different parts of the country. Specific policies for air,
water, and noise have been floated by the Central Pollution Control Board, Government of
India. This clearly shows the effort by the government to provide a clean environment to its
citizens. The Water Act came in 1974 to prevent and control pollution. Amendment to this
act came in 1988. A cess was collected from citizens for performing activities related to the
prevention and control of corruption. The act was again amended in 2003 (G.S.R.860(E),
G.S.R.840(E), G.S.R.830(E), G.S.R.378(E), G.S.R.58(E)). Table 10.2 shows the details of
water management rules.

Hazardous waste management includes proper disposal of electronic waste, nuclear waste,
etc. Hazardous waste management is a very significant step in achieving environmental sus-
tainability. For hazardous waste management, the Government of India has initiated rules to
ensure the safe handling, generation, storage, and transportation of hazardous waste. The act

Table 10.1 Air Pollution Act

Act Description

No. 14 of 1981,[29/3/1981]—The Air (Prevention The Act aims to prevent, control, and
and Control of Pollution) Act 1981,amended 1987 reduce air pollution.

No. 14 of 1981, [29/3/1981]—The Air (Prevention The Act aims to prevent, control, and
and Control of Pollution) amended 1987 reduce air pollution.

Table 10.2 Water Management Rules

Act Description

No. 06 of 1974, [23/03/1974] The Water (Prevention and Control of Pollution)
Act, 1974

The Water (Prevention and Control of The Act provides authority for collecting the levy

Pollution) Cess Act, 1977 or cesses on water consumption.
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Table 10.3 Hazardous Waste Management Rules

Act Date

First Amendment Rules 06-07-2016
Second Amendment Rules 28-02-2017
Third Amendment Rules 11-06-2018
Fourth Amendment Rules 01-03-2019

came in 1989. Finally, it got amended in 2008. Table 10.3 shows the details of the hazardous
waste management rules.

The book chapter addresses the different techniques proposed by several researchers for envi-
ronmental sustenance. The chapter has been organized into the following sections. Section 10.2.1
will address schemes that ensure environmental sustenance through materials. Section 10.2.2
will address strategies that provide environmental sustenance through manufacturing processes.
Section 10.2.3 will address the techniques that provide environmental sustenance post-product
manufacturing stage. Section 10.3 will elaborate on the conclusions of the present research work.

10.2 Literature review
10.2.1 Sustainable materials

10.2.1.1 Manufacturing

Aircraft components demand high heat resistance, corrosion resistance, and toughness.
Ti6Al4V has a very high strength-to-weight ratio (Allwood et al. 2012). This is one of the
most commonly used alloys in the aerospace industry. These alloys are costly. Ni alloys are
also being used in aerospace industries. Aluminum alloys are also being used in aerospace
companies because of their lightweight. Aluminum alloys will have low toughness. Many
researchers have studied aluminum alloys, especially defects and quality (Rodrigues et al.
2019). Automobile companies are trying hard for environmental sustainability (Orucu et al.
2022). They observed that very little information was available about the effect of the manu-
facturing of car parts on the environment. This has motivated them to study the impact of
car mats made of rubber on the environment. They performed a sensitivity analysis to figure
out the use of alternate raw materials and energy sources. They have concluded that car mat
manufacturing is the main contributor to the high-impact group (between 47% and 83%).
This is mainly due to the high energy consumption during car mat manufacturing. Energy is
consumed during the long mixing and hot-pressing process. They have compared both types
of mats-rubber and carpet. They concluded that carpet mats would cause higher environmen-
tal impacts (26% to 92%). This study has helped automobile companies and the customers
identify car parts that will have the most negligible effect on the environment.

Cutting fluids are being used in manufacturing products to improve efficiency in machin-
ing and the surface finish of the products. It does this by providing lubrication, cooling, and
also preventing rusting. During machining, large amounts of heat will be generated because
of the friction between the chip and the tool, plastic deformation of material at the shear
zone, and the rubbing between the tool and the work. If not dissipated from the cutting zone
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properly, the heat would result in a poor surface finish on the component. Cutting fluids
would also help enhance the tool life by reducing the tool wear. The cutting fluids would also
improve the stability of the cutting tool during machining. This would improve the accuracy
of machining. The cutting fluids would also help clean the tool and the component during
machining. Cutting fluids can be either water-based or oil-based. Tang et al. (2022) studied
the effect of using water-based cutting fluids during product manufacturing. Oil-based cut-
ting fluids are suitable for lubrication, and hence they find application in low-speed machin-
ing. This is because their cooling performance is not good. During high-speed machining,
water-based cutting fluids are used. Water-based cutting fluids make use of mineral oil. Usu-
ally, water is mixed with mineral oil in a particular proportion. Also, additives such as emul-
sifiers and corrosion inhibitors are added to water-based cutting fluids to improve machining
performance. With the introduction of cutting fluids, the process condition improves dur-
ing machining, and hence there will be a reduction in power consumption and emission.
Tang et al. (2022) studied the stability of water-based cutting fluids. They studied the effect
of sterilization effects of various sterilization methods. They concluded that the invading
microorganism could decompose molecular structure. It would result in decreased life of
cutting fluid and would enhance the processing cost. Wickramasinghe et al. (2020) stud-
ied, in detail, the green cutting fluid. They observed the demerits of mineral oil-based cut-
ting fluids. Though mineral oil-based cutting fluids can enhance dimensional accuracy, they
adversely affect employee health. They recommended vegetable oil-based cutting fluids for
increased performance and better health of operators. Gao et al. (2019) have studied the
dispensing mechanism of vegetable oil-based cutting fluids. They also observed the inter-
pretation of these cutting fluids during the machining of components. They did experiments
by using different surfactants. They concluded that APE-10 gives the optimum performance.
Guo (2017) studied the lubrication performance of a mixture of castor oil and soybean, cas-
tor oil and peanut, castor oil and sunflower, castor oil, oil and palm oil; and castor oil and
rapeseed oil. The experiment was performed on a grinding machine, using high-temperature
nickel-based alloy as work material. The grinding process consumes more energy per unit of
material when compared to any other machining process. Observation showed that lubricat-
ing properties of a mixture of castor oil with other vegetable oils had performed better than
using castor oil alone. The castor oil and soybean mixture gave an optimum performance
concerning the surface quality of the component. Zhang et al. (2015) studied the effect of
mixing MoS /CNT nanoparticles in cutting fluids on lubrication properties. MoS, offered
good lubrication properties. At the same time, CNT proposed good thermal properties. They
performed a grinding operation to study nanofluids’ influence on process performance. The
experimental result showed that a mixture of nanoparticles in cutting fluids performed better
than pure nanoparticles. Also, the combination showed better heat transfer performance than
single nanoparticles. They also concluded that the optimum mixing ratio is 2:1. Also, the
optimum concentration is 6 wt.%. They have also studied the influence of nanofluids on
the force generated during grinding. They studied the effect of nanofluids on the coefficient
of friction. They have also studied the variation in surface quality by using nanofluids. The
manufacturing and mining sectors emit 12% of global CO, emissions. The aerospace indus-
try contributes to 9% of global CO, emissions (Monteiro et al. 2022).

10.2.1.2 Building Materials

Energy consumption in the construction sector will amount to about 40% of the total power
consumption in any developed economy (Eurostat 2011). This clearly shows the significance
of reducing energy consumption in the construction sector. There is a massive requirement
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for developing energy-efficient building materials. Salazar (2014) studied materials used
to make window frame materials and concluded that future window materials should be
selected based on LCA data. Here, LCA is used for the assessment of environmental impact.
The selection of building materials depends upon embodied energy and carbon. Embodied
energy is measured in mega-joules/kilogram (MJ/kg). Milner and Woodard (2016) studied
engineered wood products. They concluded that EWP is more sustainable than competing
materials.

Bamboo is one of the most environmentally friendly materials in constructing buildings,
including house construction. They grow speedily, growing in many countries across the
globe except in Europe and Antarctica. The main advantage of Bamboo is that it has a high
strength-to-weight ratio. Experience has shown that they are perfect for making floors and
cabinets, as they also last longer. The main drawback of Bamboo is that they require treat-
ment; otherwise, it will attract insects. It will also absorb water and may swell and then
crack.

Cork: They also increase, just like Bamboos. The main advantage of Cork is that it can be
harvested from a living tree. Cork is resilient and hence finds application in floor making.
They are also flexible and will revert to their original shape even after sustained pressure.
One more advantage of these cork materials is that they absorb noise. They find applications
in making insulation. They are also good at absorbing shocks, and hence they find applica-
tion in floor making. The main demerit is that they require shipping from the Mediterranean,
which results in increased transportation costs. Luckily, they are incredibly light, consume
less energy in shipping, and have fewer emissions.

Precast concrete slabs are made at the manufacturer’s site and then shipped to the con-
struction site. They are mainly used in the construction of walls and building facades. They
are also used in the construction of floors and roofs. They are made in a controlled environ-
ment and are structurally superior to their conventional concrete counterparts.

Straw Bales: They find application as a framing material. They also absorb noise and are
used in insulation work. Replanting straws can be done quickly with minimal environmental
impact. They can be used in filling between beams and columns. They also have excellent
fire resistance qualities. When placed in walls and attic, they produce cooling effects in the
summer season. Similarly, they produce warm results in winter for house dwellers.

Recycled plastic: Builders are interested in using recycled plastic as a construction mate-
rial instead of conventional materials. They are being used in making concrete. The aim of
recycling plastic is the researchers want to reduce the emission of carbon dioxide and other
greenhouse gases into the atmosphere. A mixture of recycled and virgin plastic is used to
make polymeric timbers. These plastic timbers are used in the making of fences and outdoor
furniture. Recycled plastic is used to manufacture pipes, roofs, floors, etc.

Reclaimed wood: Reclaiming wood is one way to reduce deforestation and cut trees. The
main advantage of reclaimed wood is that they are light in weight. Their main demerit is
that they require treatment and reinforcement for protection against insects and degradation.

Recycled steel: Recycled steel would help reduce harmful greenhouse gases in the atmo-
sphere. Recycled steel is being used as a framing material. This would make the structure
durable against natural calamities, such as earthquakes. Mining raw materials, heating raw
materials, and shaping consume a lot of energy. Sheep’s wool has a drawback in that it is
costlier as an insulating material when compared to conventional insulation materials.

Sheep’s wool: It is considered one of the insulation materials in building buildings. This is
eco-friendlier than chemical-based insulation. Complete home insulation can be done with
Sheep’s wool. This material does not consume as much energy as conventional insulation.
In this way, they are better than traditional insulation.
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Plant-based Polyurethane Rigid foam: Rigid foam has excellent insulation material. Surf-
boards usually are made out of Plant-based Polyurethane Rigid foam. Nowadays, they are
used in the manufacture of turbine blades and furniture. It is also used as a sound insulation
material. It offers protection against pests and mold.

Rammed earth: Rammed earth is being used to replace conventional construction materi-
als as they are eco-friendlier than traditional materials. Rammed earth, in unstabilized condi-
tions, is made up of soil, gravel, and sand. The main drawbacks of these materials are that
they lose strength on saturation and they are eroded in the rainy season. They are generally
thick walls, sometimes greater than 400 mm. They require protection against moisture. In the
case of rammed earth, the stabilized state also consists of soil, gravel, and sand. Additionally,
lime or cement is also added. These stabilized walls are being practiced in many countries
like the USA and Europe (Verma et al. 1950; Easton 1982; Hall 2002; Houben et al. 2004;
Walker et al. 2005; King 1996).

Compacted fly-ash blocks: Compacted fly-ash blocks are composed of stone crusher
dust, lime, and fly ash. Lime reacts with fly ash and results in strength for the league.
The reaction can be made faster by steam curing (Venkatarama Reddy and Lokras 1998;
Venkatarama Reddy and Hubli 2002) or adding phosphogypsum (Bhanumathidas and
Kalidas 2002).

Hempcrete: It is a concrete-like material generated from the Hemp plant. The wooden
fiber is mixed with lime to produce concrete-like material. They are straight and strong. They
are sound insulators and are resistant to fire. They also have good thermal properties. They
are CO, negative. That is, they absorb CO,. Hence, they are a more renewable resource.

Myecelium: It’s a naturally occurring building material. It’s a single-celled organism con-
taining roots of mushrooms and fungi. They are made in the form of bricks. They are light
in weight. The main advantage of these building materials is that they are solid. They can
withstand very high temperatures.

Ferrock: They are made using steel dust obtained from the steel industry. The main advan-
tage of these materials is that they are even more potent than concrete. It also absorbs CO,
during drying. It is becoming an alternative to conventional cement.

Blended cement: Large volume of harmful substances like CO, will be emitted during
cement (0.9 tonnes per ton of clinker). Adding materials like fly ash, rice husk, and granular
slag will reduce CO2 emissions during cement manufacturing.

Mud blocks: Burnt clay bricks are not environmentally friendly as they consume more
energy input during the brick making. On the other hand, the mud blocks are environmen-
tally friendly as they are energy efficient. They are made by compacting soil, stabilizer,
and sand. It requires a curing time of about 28 days. After which, it can be used in the
construction of walls. The merit of these mud blocks is that they do not require burning.
They can also be made on-site, and thus transportation of bricks can be avoided. There-
fore, mud blocks are environmentally friendly. Energy in building materials is composed
of following components: (1) embodied energy, that is, the energy consumed by materi-
als and their assembly, and (2) energy required for maintaining the building during its
life. The first one is like a one-time investment. The actual energy consumption depends
on the materials used and the construction techniques. The amount of energy consumed
depends upon the specific energy consumption. The embodied energy in buildings may
vary from 5-10 GJ/m?. The main objective in constructing buildings should be to reduce
energy consumption and the magnitude of carbon emissions. The second component
depends upon the region where the building is built.
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10.2.2 Strategies for sustaining materials

Materials are used to construct buildings, produce vehicles, and many more products. Some
of the materials used in manufacturing products are harmful to make and transport and det-
rimental to the environment when discarded. That is, once they are discarded, they pollute
the environment. On the other hand, some materials degrade slowly and will not affect the
environment. In 2002, the USA was reported to have released 4.79 billion pounds of hazard-
ous chemicals from 24,000 industries into the environment.

Significant savings in materials will result from optimizing the design of components.
Proper design will ensure a minimum number of features, thus lowering material con-
sumption. During manufacturing a product, it was often observed that companies use more
materials than required. This would result in significant energy consumption. Similarly, dur-
ing process planning, a methods engineer may add unnecessary manufacturing processes,
which would add up to extra energy consumption. For example, while specifying machin-
ing allowances, a methods engineer may specify additional allowance, adding to the extra
time required to shape the component from the raw material. Also, more material would be
wasted in the removal of chips. Thus, making the product manufacturing not an environmen-
tally friendly process. Similarly, polychlorinated biphenyl (PCB) is used as dielectric fluid
in transformers, capacitors, and heat exchangers. They were first introduced in 1929. The
harmful effects of PCBs were not known at that time. Germany, Japan, and France were the
pioneers in PCB production.

Reducing the yield losses will result in huge savings. During the melting of steel and alu-
minum, there will be a massive opportunity for controlling yield losses. By using scrap judi-
ciously, the need for remelting scrap can be avoided. Many sheets of steel blank scrap could
be used for generating small components. Melting of scrap is an energy-intensive operation.
Melting consumes a lot of energy. Instead of remelting the steel scrap produced during the
blanking operation, the scraps could be used to make small components. Similarly, steel
beams in old buildings could be reused as it is instead of recycling them. This would reduce
the energy requirement in melting the steel and protect the environment. Extending the prod-
uct life can help in reducing material consumption and associated re-cycling. Thus, material
and energy consumption could be reduced by extending product life. During the dismantling
of old vehicles, good parts can be reused instead of sending them for recycling. They lessen
the final demand for products by changing our lifestyles. For example, by using public trans-
portation, the need for cars can be reduced. This will reduce the material requirement and
reduce vehicle pollution to a large extent. Thus, the generation of greenhouse gases can be
reduced to a large size. This will make a significant step in sustainability.

Reduction of final demand would also reduce the subsequent product manufacturing and
the associated energy consumption and waste generation in the form of chips. For example,
if each family owns a car, then we would require to produce as many cars as there are fami-
lies. Instead, using public transportation by every citizen would reduce the demand for cars
and thus the reduction in environmental pollution and the associated sustenance. In many
industrialized nations, little attention is paid to material efficiency-related strategies. This
may be due to economic and social barriers.

Today, we depend on steel and aluminum to produce many products. This would result
in the need to produce aluminum and steel. The reduction in steel and aluminum production
would automatically result in environmental sustenance. This demonstrates that changing
our habits, such as using public transportation, would significantly reduce the production of
vehicles and thereby save our environment.
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Similarly, reducing over-dependency on cement would result in significant energy savings
and environmental sustenance in building construction. Literature has reported using other
non-conventional materials in the construction of buildings.

10.2.3 Sustainable manufacturing processes

Manufacturing can be classified into conventional, unconventional, and additive manufac-
turing processes.

10.2.3.1 Conventional manufacturing processes

Processes such as turning, milling, and shaping come under conventional processes. These
techniques use cutting tools while shaping a component from the raw material. Cutting fluids
reduce the friction between the cutting tool and the workpiece. Cutting fluids would enhance
the efficiency of machining processes. The majority of the cutting fluids used in practice are
made out of mineral oil. These mineral oils emit toxic fumes, which are detrimental to the
environment. When inhaled by machine operators, these fumes would result in breathing
complications and respiratory diseases. Literature reported that water-based oils are used
whenever cooling is required during the machining process. Also, these water-based oils are
less harmful to the environment.

10.2.3.2  Unconventional manufacturing processes

Manufacturing processes such as electric discharge machining (EDM) and electrochemical
milling (ECM) come under unconventional manufacturing processes. In the unconventional
method, material removal will not happen by shearing as in the case of conventional manu-
facturing. Unlike traditional machining, a cutting tool will not be used to remove extra mate-
rial in the form of chips. In the EDM process, the material is removed by electrical sparks
generated between the work and the electrode. In ECM, the material removal will happen
by electrolysis.

EDM process makes use of dielectrics made out of hydrocarbons. During the EDM pro-
cess, they generate toxic fumes, which are very harmful to the health of operators. (Dhakar
et al. 2019) have explored a novel near-dry EDM process using air and EDM oil and found
that the technique reduced nearly 97% of gas emissions compared to the wet EDM process.

10.2.3.3 Additive manufacturing processes

Manufacturing the components of automobiles and airplanes consumes tremendous amounts
of energy. They also consume vast quantities of raw materials. The manufacturing of these
components also results in enormous quantities of waste in chips and scrap. Parts made of
titanium consume vast amounts of energy. Additive manufacturing has tremendous potential
for reducing material consumption and waste while manufacturing a component. Thus, there
is a need to develop new materials and improve the manufacturing process’s efficiency.
NASA and Boeing are investing in additive manufacturing (AM). They have been manufac-
turing components of satellites and airplanes using AM. AM is capable of producing parts
having complex geometry. AM can also be used in difficult-to-machine materials.
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AM processes include direct energy deposition (DED), powder bed fusion (PBF), sheet
lamination, and binder jetting. DED, as well as PBF, which are widely used in aerospace
industries.

Monteiro et al. (2022) made a detailed study for identifying sustainable strategies for
different stages - design stage, material identification and sourcing, manufacturing process
design and control, and post-sales stages. They studied in the aerospace and aeronautic
sectors.

The design stage in AM is one area that offers multiple opportunities for sustenance.
Literature showed that AM-designed components would consume less material than con-
ventionally made ones — one case where an aerospace bracket reported a material reduction
of 64% (Min et al. 2019). The main problem with a complex lattice structure in AM is its
very high stiffness-to-weight ratio compared with bulk material. Zhang et al. (2018) pro-
posed a bio-inspired model for achieving sustainability. The benefit of this model is that it
consumes less material, generates less waste, and has the least cost. The process considered
the quality of raw material, process parameters, and functionality of the component). They
proposed a scheme for assessing sustainability through Life cycle assessment (LCA) and
costing (LCC). The authors have used bone, diamond, and honeycomb structures in this
work. Experimentally the authors have verified that bone structure resulted in the lowest
cost and had less impact on the environment. The work also reported that multiple functions
could be built into one component to reduce assembly time. This has resulted in reduced
demand for fasteners such as nuts and bolts and the associated supply chain. This will also
reduce the need for inspection and associated failures. Weight reduction is closely associated
with fuel consumption in the case of airplanes. Thus, AM-made components are being used
increasingly in Airplane manufacturing. Huang et al. (2016) showed the benefits of using
AM-made details in the aerospace industry and reported that by 2050 consumption will be
70-170 GJ/year. Girdwood et al. (2017) demonstrated how the cost of an aircraft component
could be brought down by using his framework. The framework considers 14 process fac-
tors: design, planning, surface finish, dimensional accuracy, etc. They validated the frame-
work by making an aircraft component through AM. They came to know that the amount of
material consumed by AM is much lower than a conventionally produced component, even
without doing any process optimization. They demonstrated how their proposed framework
could bring down significant material consumption.

Another strategy in sustainability is carrying out the AM process onsite. This would
reduce the unnecessary transportation of materials from the earth to outer space. Compo-
nents are AM made with locally available (extra-terrestrial) materials (Prater et al. 2017).
Understanding additive manufacturing is significant for technology selection. It is also
essential to understand the impact of additive manufacturing on the environment. Paris et al.
(2016) studied the manufacturing of a turbine blade of titanium (Ti) material by EBM and
the conventional manufacturing processes. The author has performed a sensitivity analysis
and concluded that EBM performed better than traditional milling. The authors have also
reported that the component weighed 1.08 kg, whereas EBM required 0.23-0.44 kg of tita-
nium material. Authors have also observed that the environmental impact depends upon the
process parameters. Many researchers have studied AM-made parts’ quality by conducting
mechanical tests.

Min et al. (2019) studied the environmental impact of AM processes, such as EBM, DED,
and SLM, while producing Ti-rocket brackets. They also did topological optimization with



164 M. B. Kiran and V. J. Badheka

various metal powders. Their study also considered recycling unused powders and the maxi-
mum number of components per print. The work also studied LPBF, EBM, and LMD pro-
cesses for energy (for melting and heating) consumption, argon consumption, and powder
wastage. Instead of considering the impact of a single AM product, the study evaluated the
total batch size and lifetime. They ranked the process EBM, SLM, and LMD as the lowest
impact per part based on production volume and lifetime. Additive manufacturing also offers
other advantages that would help extend the component’s life by repairing it. Also, AM
would help manufacture spare parts through DED (Ford and Despeisse 2016). Researchers
have also explored the benefits of combining LMD with machining that could help repair
turbine blades (Gisario et al. 2019).

Production inspection time also plays a crucial role in energy conservation. Research-
ers have made efforts to reduce the inspection time and improve the efficiency of prod-
uct inspection (Kiran 2021d). Reducing product inspection time will significantly reduce
energy consumption in manufacturing. Conventional inspection techniques were suitable for
sampling inspection. Modern inspection techniques using image processing will reduce the
inspection time and perform 100% inspection of products.

Lean manufacturing is becoming more popular among manufacturing industries (Kiran
2021a). Lean philosophy helps in identifying waste or non-value-adding activities. It uses
tools such as value stream mapping for waste identification (Kiran 2021b). By constructing
the current state value stream map, the company will identify different forms of waste, such
as transportation, inventory, unnecessary movement of operators, over-processing, over-pro-
duction, and delays. Single-minute exchange of dies (SMED) would help reduce the number
of setups and change-overs in manufacturing (Kiran 2021c). This would help in reducing
energy consumption.

10.3 Conclusion and directions for future research

Changing our lifestyles would be a significant step in achieving environmental sustenance.
Designing a product with optimization will lead to substantial savings in material consump-
tion. Reusing old parts is also an essential step in reducing recycling. As recycling consumes
a lot of energy, every effort should be made to lower recycling. This will lead to a reduc-
tion in energy consumption. Reducing the number of manufacturing processes during prod-
uct manufacturing could significantly achieve environmental sustainability. Conventional
manufacturing processes consume a lot of energy, and AM has great potential to achieve
ecological sustainability. There is a great scope for increasing material efficiency and energy
efficiency. Government policies alone cannot achieve environmental sustainability. It is pos-
sible only when citizens, government, and industries coordinate ecological sustainability.
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I1.1 Introduction

Energy consumption and future supplies have become a national and strategic issue for
almost every country today as a result of the rising population [1]. Nowadays, conventional
fossil fuels such as coal, oil, and gas, which are considered non-renewable energy resources,
are predominantly used for energy consumption [2]. Non-renewable resources currently
account for more than 75% of total energy production [3]. These energy resources have been
used at a large scale for a long time. Due to the over-exploitation of natural resources, future
consequences are overlooked [4]. As a result, difficulties with sustainability have arisen,
such as the depletion of fossil fuel reserves. Many experts and environmentalists have raised
various environmental issues, including forest destruction, air pollution, acid rain, global
warming, ozone depletion, and global climate change [5]. More attempts are being made
nowadays to limit their influence on the environment by lowering their reliance on nonre-
newable energy resources like petroleum-based fossil fuels. But keep on using non-renew-
able energy resources indiscriminately like this, and they will surely get exhausted. Biofuels
are gaining popularity as an alternative fuel around the world due to their versatility, energy
security, and capacity to address global warming problems. Biofuels have been promoted
as a viable alternative to nonrenewable energy sources and fossil fuels [6]. Governments of
various countries have come forward to set up biodiesel industries and are offering subsidies
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as well as waiving their taxes for the development of biodiesel. The US, for example, has set
a goal of producing 36 billion gallons of biofuel by 2022. Various replacement biofuels, such
as bioethanol, biodiesel, dimethyl ether, and biogas, have been widely studied in this area.
These investigations demonstrate that biofuels are fuels due to their sustainable, biodegrad-
able, oxygen-rich, and sulfur-free properties [7]. Diesel-ethanol mixture can be a permissible
solution. This mixture, however, has stability issues and has lesser physicochemical quali-
ties than diesel fuel, necessitating the use of only a few nanoadditive components to keep
it stable. Potential for a reduction in greenhouse gas emissions by about 80% if diesel fuel
mixed with ethanol is used in a diesel engine. While preparing the diesel-ethanol-biodiesel
mixture, care should be taken to ensure that the concentration of ethanol is not less than
99%. Similarly, the amount of biodiesel should be mixed. This is not a permissible solution.
Adding metal-based components, such as nanoparticles (NPs), to the base fuel is a useful
strategy for enhancing the fuel’s desirable properties [8—11]. NPs are readily soluble in fuels
that are added to base fuel to a very small extent (100 ppm (extended up to a few thousand
ppm)) [12—13]. This chapter presents recent work on the application of nanomaterials in
biofuel development (microalgae biofuel). Simultaneously, this chapter demonstrates fuel
properties and emission characteristics concerning the addition of various biodiesel mixtures
using different nanomaterials.

I1.1.1 Fuel

Fuel is a substance that reacts with other substances to release energy in the form of thermal
energy, which is transformed into mechanical energy with the help of a heat engine. Energy,
that is, the heat released from the combustion of fuel, has many uses, such as cooking,
heating, and industrial purposes. Fuels are broadly classified in two ways: (a) based on the
physical state present in nature, that is, solid, liquid, and gaseous, and (b) based on their
procurement mode, that is, natural and manufactured. The classification of fuels is shown in
Table 11.1. The original state of the fuel is transformed to use the energy released from the
fuel more effectively and efficiently for various purposes; for example, solid state into liquid
or gaseous, and liquid state into gaseous.

I'1.1.2 Fossil fuels

Fuels derived from the decomposition of plants and animals are high in carbon and hydro-
gen, both of which are abundant deep inside the earth’s crust. The demand for fossil fuels is
increasing rapidly, along the rate of extraction of fossil fuels has also increased [14]. Fossil

Table 1.1 Classification of Fuels

Solid fuels Liquid fuels Gas fuels
Natural fuels Coal Petroleum Natural gas
Wood
Manufactured fuels Charcoal Oil from the distillation of petroleum Coal gas
Coke Coal tar Acetylene

Straw Alcohols Blast furnace gas
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Table |1.2 Advantages and Disadvantages of Energy From Fossil Fuels

Advantage Disadvantage
High calorific value A limited supply of fossil fuels
Technology-wise, energy production is very easy The release of harmful gases like fly ash, CO,,

and SO, during combustion is the cause of the
greenhouse effect and acid rain

Relatively simple manufacturing techniques for The use of natural gas is the cause of the
power plants powered by fossil fuels foul smell
Transportation is easy Replenishment is not possible

fuels are, unfortunately, non-renewable resources that take millions of years to regenerate.
The advantages and disadvantages of energy from fossil fuels are shown in Table 11.2.

According to the National Academy of Sciences, fossil fuels are responsible for nearly
three-quarters of emissions from human activities over the past 20 years. Necessary action is
needed to tackle the consequences of fossil fuels. Scientists and environmentalists are look-
ing for ways to reduce pollution and make the environment healthier by reducing reliance on
fossil fuels, given the harmful aspects of fossil fuels [15]. Efforts are being made to reduce
emissions through post-combustion control techniques to find more sustainable and effective
solutions to pollution problems [16].

11.1.3 Biofuels

Biofuels have emerged as an alternative to fossil fuels under their potential for environ-
mental and economic benefits. They are fuels that are made from biomass material. Bio-
fuels are divided into two groups based on the type of feedstock used: “first-generation”
biofuels and “second-generation” biofuels. First-generation biofuels are generated from
edible biomass (such as seeds, grains, or sugar). Second-generation biofuels are produced
from non-edible lignocellulosic biomass (such as maize stalks or rice husks) or non-edible
whole plant biomass (such as trees or grass planted expressly for energy). Significant com-
mercial volumes of first-generation biofuels are being produced in many countries, while
second-generation biofuels have not been produced commercially in any country to date.
Biofuels are included in the category of transportation fuels. The classification of fuels is
shown in Figure 11.1.

Among all available alternate energy resources, biomass resources account for about 80%
of the energy produced globally. There is still much effort to be made in order to increase
the use of biofuels as fuel. However, using vegetable oil directly in the engine can cause
issues such as fuel system deposits, piston ring sticking, low performance, and significant
NOX emissions, among other things. The increased viscosity and reduced calorific content
of vegetable oils are the key reasons behind this. Various procedures (e.g., transesterifica-
tion, blending, and micro-emulsification) have been utilized by several researchers to reduce
the viscosity of the resulting vegetable oils, but transesterification is the most extensively
used. Therefore, a mixture of diesel and biodiesel is used in CI engines. In addition, various
innovative additive technologies are being worked on to improve engine performance [14].
Figure 11.2 schematically illustrates biomass growth and development, feedstock extraction,
microbial hydrolysis during fermentation, and biofuel extraction and application.
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Figure I1.1 Classification of biofuels [17].
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Figure 11.2 lllustration of growth and development of biomass, feedstock extraction, microbial hydro-
lysis through fermentation, and biofuel extraction and usage [18].

11.2 Nanotechnology

Designing a material or device at the nano-scale (i.e., 10 m) is considered under nanotech-
nology. As a result, nanoparticles are used in a variety of industries, including agriculture,
food, cosmetics, pharmaceuticals, and electronics. The new qualities of nanoparticles, such
as their nanoscale size, structure/morphology, and high reactivity, are largely responsible for
the employment of nanotechnology in these various domains. In this modern age, one of the
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Figure 11.3 Applications of nanotechnology in daily life.

best technologies, nanotechnology, has revolutionized biofuel conversion processes and has
been instrumental in improving engine performance. Nanotechnology has been introduced
to improve the efficiency of biofuels through nanomaterials such as nano-fibers, nano-crys-
tals, nano-magnets, etc. [6]. Figure 11.3 depicts the application of nanotechnology in daily
life. Commercially producing biofuels has challenges related to various technologies as well
as the cost of production. Biofuel production may well be achieved in an eco-friendly way
with the help of nanotechnology.

11.2.1 Applications of nanomaterials in biofuel production

Due to unique structural properties, such as their small size (nanoscale size), nanomaterials
are finding new applications in biofuel generation. By enhancing biosynthetic pathways,
these nanomaterials improve biofuel generation. Nanomaterials can be classified as zero-
dimensional (0D), one-dimensional (1D), two-dimensional (2D), or three-dimensional (3D),
depending on their ultra-fine grain size (less than 50 nm). Nanomaterials can be used as
substrates for lipid accumulation, extraction, and reprocessing processes in the manufac-
ture of biofuels from biomass (edible or inedible). Some nanomaterials, such as nanopar-
ticles, nanofibers, nanosheets, nanotubes, and other nanostructures, have been successfully
researched in biofuels, such as biodiesel, biomethane, bioethanol, and others, using both
direct and indirect ways [19]. Among the various types of biofuels produced from biomass,
biodiesel has made a mark. From biofuel production to development, nanomaterials play
an important role, such as achieving optimum operating conditions and improving product
quality. The thermochemical and biological processes of conversion from biomass to bio-
fuel can be used to produce liquid and gaseous fuels. Thermochemical processes, including
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gasification and direct liquefaction, are considered major conversion routes. Figure 11.4
shows products from the nano-catalytic conversion of biomass.

Despite the promising benefits of nanomaterials in the biofuel production system, its neg-
ative effects have many adversative effects on the environment, living organisms, and even
the economy. The advantages and disadvantages of nanomaterials are listed in Table 11.3.

For bioenergy generation, carbon nanotubes, metal oxides, and magnetic nanoparticles
(MNPs) are widely used because the high coercivity, easy recoverability, and great paramag-
netic properties of MNPs also make them useful for bioenergy production. The benefits and
drawbacks of MNPs are represented in Table 11.4.

Syngas

Gasification

Hydrogen

Direct Liqufaction

Bio-oil

Figure 11.4 Products from nano-catalytic conversion of biomass [20].

Table I 1.3 Advantages and Disadvantages of Various Nanomaterials [21]

Advantage Disadvantage
Metallic nanoparticles  Practically uniform in size and shape Toxicity
Uniformity in branch length
Carbon nanoparticles ~ Multiple functions Toxicity

Water-soluble and biocompatible
Efficient loading

Liposomes Biocompatible May trigger an immune response
Longer duration of circulation

Dendrimers Practically uniform in size, shape Complex synthetic route
Uniformity in branch length
Enlarged surface area
Improved loading targeting is attained

Polymer micelles Biodegradable, self-assembling, and Need for surface modification
biocompatible
Potential targeting
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Table | 1.4 Advantages and Disadvantages of Magnetic Nanoparticles [22]

Advantages Disadvantages

Excellent biodegradability Poor dispersion abilities

Readily to be customized High cost of synthesis material

Ease of separation Limitations in scale-up production processes

Low cytotoxicity to biomass cell Mobility dependent on environment compatibilities
Ease of synthesis Maintain stability after mechanical, physical, and chemical

modification

Ability to bind multiple targeted
compounds

Large surface-to-volume ratio

11.3 Biofuel feedstock and production

The two most commonly used biofuels are biodiesel and bioethanol, which are mainly
obtained from vegetable oils (i.e., edible or non-edible) and sugar seeds. They are considered
petroleum diesel substitutes and petroleum gasoline substitutes, respectively. Biodiesel feed-
stocks are obtained from edible oils (i.e., palm, soybean, rapeseed, etc.) and non-edible oils
(i.e., Jatropha oil, Karanja, Neem, etc.), whereas bioethanol feedstocks are obtained from
the fermentation of sugarcane and seeds. Another biofuel feedstock microalgae are consid-
ered to be the third generation of biofuels [17, 23]. Reducing the extraction of fossil fuels,
reducing carbon emissions, etc., are the positive effects of using biodiesel or bioethanol. In
most research studies, the transformation of biomass to biodiesel is done with the help of
nanomaterials using a variety of feedstocks.

11.3.1 Biofuels from palm

With the increasing use of renewable feedstocks and global trends, the palm oil crop has
become more important as a versatile oil crop due to its ability to produce bioenergy, or
biofuel, from the fruit of the palm oil tree to oil palm residues. India is the primary global
consumer of palm oil, as approximately 9.3 million tons of palm oil were consumed between
2016 and 2017, and palm oil consumption is expected to be twofold by 2030.

Palm oil has established itself as a potential biofuel source with many advantages such as
higher yield than other oils (3.93 tons per hectare per year), cheaper than other oils, a peren-
nial crop, very low pour point, produces less carbon residue and sulfur content is much lower
than petroleum-based diesel, etc. [24, 25]. A comparison of palm oil yields per hectare with
other vegetable oils is shown in Figure 11.5.

11.3.2 Biofuels from sugarcane

A tropical perennial grass used for the production of sugar is known as sugarcane. In today’s
time, everyone is using traditional petroleum fuel in abundance, which is not at all good for
the environment. In the meantime, there is a ray of hope — sugarcane. Sugars extracted from
sugarcane can be easily fermented to produce biofuels such as ethanol. Additionally, sugar
mills are used to generate steam and electricity [26, 27]. The overall global production of
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(Oil production in (MT/ha))

Figure I1.5 lllustrated significant plant-based oil yields per hectare [24].

renewable fuels is currently 50 billion L/year, with sugarcane accounting for almost 40%
of that, making it a key source of biofuel production [28]. Figure 11.6 represents the block
flow diagram of the bioethanol production steps from sugarcane. Pretreatment, enzymatic
hydrolysis, and fermentation are all steps in the bioethanol production process. One ton of
sugarcane bagasse might theoretically yield up to 300 L of ethanol [29]. However, various
factors, like the quality of bagasse and the ethanol production process, have a direct impact
on ethanol yield [29].

11.3.3 Biofuels from Jatropha

Due to the increasing attraction of biofuels, the concept of cultivation of Jatropha for the
manufacture of biofuels attracted its attention. On this eve of the discovery of suitable bio-
mass for biofuels, the concept of Jatropha farming came into the limelight for liquid biofuel
production due to several characteristics such as (i) ease of propagation, (ii) longevity of
plantations, (iii) high oil content in seed, (iv) disease tolerant properties, (V) resistant to
pests, and (vi) low management requirement [31]. Because of its high oil content, Jatropha,
a non-edible oil plant native to Central and South America, is regarded as a reliable source
for the generation of biodiesel.

11.3.4 Biofuels from microalgae

Due to the increasing attraction of biofuels, the conception of microalgae cultivation for
the manufacture of biofuels came into the limelight with many positive aspects, such as (i)
plentiful oil content, carbohydrate, and protein; (ii) can grow in an aquatic medium, such as
freshwater, brackish water, demands less water, however, can also assimilate nutrients from
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Figure 11.6 Block-flow diagram of the bioethanol production process from sugarcane in an autono-
mous distillery [30].

excessive water; (iii) do not collide with human and animal food chains; (iv) ability to grow
naturally throughout the year and in the presence of sunlight; (v) can be cultivated in rivers,
ponds, seas, wet bare land, and waste dump areas; (vi) significant contribution in developing
sustainable oxygen production system; and (vii) play an important role in reducing carbon
dioxide by the process of photosynthesis respiration [32-36]. Furthermore, the life cycle
of microalgae harvesting is very short, yet it produces high biofuel productivity as nascent
biomass continues to be generated [34, 37].

Biofuel industries have implemented nanotechnology applications for biofuel production.
There are many controversial challenges, from microalgae production to the cost of harvest-
ing and even the energy consumption of microalgae for biofuel production. There are the
following benefits of nanomaterials, such as the prevention of microalgae from dying, and
with the help of this extracted microalgae, the process of re-cultivation is carried forward.
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According to the studies conducted so far, nanotechnology applications have been used to
maximize the yield of many microalgae biofuels as well as make better use of microalgae-
biofuels in petrol and diesel engines. Figure 11.7 depicts the approach of nano-additives
from microalgae cultivation to microalgae-biofuel implementation [6, 38—41].

According to the studies conducted so far, nanotechnology applications have been used
to maximize the yield of various biofuels and make better use of biofuels in diesel or petrol
engines. Various nanoparticles with different ranges are blended with biofuels to improve
the efficiency of biodiesel and bioethanol. The influence of nanomaterials in biofuels is rep-
resented in Table 11.5, and Table 11.6 lists the nanocatalysts utilized in the biomass-to-
biodiesel conversion process.

« Higher Yield of
microalgae biomass.

* Excellent biofules yield

* Pure co-products
formation

* Excellent thermal
efficiency.
* Complete combustion
occur.

Figure I1.7 Applications of nano-additive to enhance the cultivation of microalgae for biofuel opera-
tion [6].

Table 1.5 Applications of Various Amounts of Nanomaterials on Biofuels and Arrangements of Biofu-
els Nano-Particles Blending and Output Application [6]

Biofuel Source Nano- Amount  Combination of Output References
of biofuel particles nanoparticles in
extraction biofuels
Biodiesel Jatropha ALO, 30 ppm BIOOA30C30 Enhanced thermal [42]
curcas CeO, 30 ppm  ppm efficiency
Reduction in CO
and NO,
Biodiesel Pongamia Rh,O, 100 nm  BIOORh,O, Reduction in CO  [43]
pinnata 37% NOx

Improvement of
thermal efficiency
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Biofuel

Source
of biofuel

Nano-

extraction

particles

Amount

Combination of Output
nanoparticles in

biofuels

References

Biodiesel

Azadirachta
indica

Ag,0O

Biodiesel and Vegetable oil Fe,O,
and alcohol

bioethanol

Biodiesel,

castor oil,
diesel, and
bioethanol

05 ppm

BI00Ag,O
05 ppm

150 ppm BBFe,O,

Vegetable oil CeO,-CNT 25 ppm
and Ricinus
communis oil
Vegetable oil
and alcohol

50 ppm

100 ppm

150 ppm

Reduction in HC
(10.89%), NOx
(4.24%), CO
(12.22%), and
smoke (6.61%).
Improvement in
brake thermal
efficiency
Reduction in
brake-specific fuel
consumption

Increase in thermal
efficiency by 1%
Decrease in
emissions by 60%
Decrease in the
amounts of HC,
NOx, CO, and
smoke
Improvement in
mixing appearance
of secondary
atomization

Reduction in CO,
COz, and smoke
Increase in calorific
value
Improvement in
thermal efficiency
of the brake

[44]

[45]

[46]

Table |1.6 Nanocatalysts Used for Biodiesel Production Along With Their Operating Conditions [20]

Nanocatalysts Size  Feedstock  Operating conditions References
(nm) Temp. Alcohol- Catalysts Reaction Biodiesel
(°Celsius) oil ratio (wt.%) time yield
(minutes) (percentages)
TiO,-ZnO  34.20 Palm oil 60 12:1 _ 300 92.2% [47]
ZnO 28.4 83.2%
(Li-Cao) 40  Jatropha oil 65 12:1 05 120 99% [48]
Karanja oil 60
CaO/Fe,O, 49  Jatropha oil 70 15:1 02 80 95% [49]
Mg/Al 7.3 Jatropha oil 45 4:1 0l 90 95.2% [50]
CaO/MgO Jatropha oil 64.50 18:1 02 210 92% [51]
Ca (OH),- _ Jatropha oil 70 15:1 02 240 99% [52]
Fe,O, (Ca*:
Fe,0,=7)
CaO 20  Soybean oil 23-25 27:1 _ 720 99% [53]
MgO 60  Soybean oil 200-260 6:1 05-03 12 99.04% [54]
KF/ALO, 50  Canolaoil 65 6:1 03 480 97.7% [55]
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1.4 Conclusion

The scarcity and high energy demand for fossil fuels have prompted researchers to think
about alternative renewable energy resources. Among the existing alternatives, biomass is
the best choice because renewable energy generated from biomass is more environmentally
friendly. Nano-additive applications for biofuel manufacturing are classified into numer-
ous stages, from raw material production to final product implications. These steps are as
follows: (i) nanomaterials for the cultivation process, (ii) nanomaterials for converting bio-
mass into biofuel, and (iii) nanomaterials for biofuel applications. Biofuels with rock-solid
nano-particles, nano-liquids, or nano-droplets have been proven to improve lubricity, cata-
lytic performance, cetane number, burn rate, chemical reactivity, fire point, flashpoint, etc.
[50-51]. As documented in this chapter, it is quite clear that nanoparticles can play a signifi-
cant role in everything from biofuel production processes to enhancing engine performance.
However, some technical problems arise during the production of biofuels. To accelerate the
production of biofuels, we have to address these problems, such as (i) using less expensive
nanoparticles, (ii) synthesis of non-toxic nanoparticles for the benefit of micro-organisms,
and (iii) using environmentally friendly nanoparticles. This chapter will be helpful in deter-
mining future research work, which is as follows:

» Safety assessment on integrating nanomaterials for biofuel production processes is
essential to provide insights for future research.

»  Study of a wide variety of concentrations of nanomaterials to establish optimal process
conditions.

*  Application of nanomaterials for commercial approaches in terms of various shapes and
sizes during biofuel production.

*  Before using it on a large scale, a comprehensive study of the good characterization of
nanoparticles should have to be done.

»  The impact of nano-catalyst implementation on engine performance, combustion qual-
ity of biofuel, and gas emissions should be thoroughly studied and understood before
implementation.
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12.1 Introduction

India, a tremendously developing nation, requires a large amount of electricity production.
Presently, India produces approximately 20.76% share of its total produced electricity from
hydropotential electricity, and it can be increased by a large extent as hydroelectricity is
very promising in all the available sources of renewable energy. And also, India is blessed
with a number of rivers, which increases the probability of extending the hydroelectricity
share mentioned earlier. For this, our hydropower plants must be up to date with the tech-
nology available and with the knowledge of research studies [1-3]. In a hydropower plant,
water flows at several velocities at different parts. Due to this flowing water, the materials
of hydropower plant machinery components are subjected to abrasive slit erosion, corrosion
erosion, and cavitation erosion. The detailed classification of different types of wear, along
with the symptoms and appearance of worn-out surfaces, is given in Table 12.1. Out of the
said erosion that occurs in hydromachinery, cavitation erosion is mainly focused on in this
chapter. Cavitation erosion is usually heard for hydraulically operated systems, such as pro-
pellers, valves, and hydraulic pumps [4]. Cavitation happens because of the rapid variations
of pressure in a liquid that lead to the creation of minor vapor-filled bubbles or cavities [5—6].
The force of collapsing of these vapor bubbles is great enough to remove material from the
hydraulic components, making the hydraulic equipment weak and unsustainable.

Due to the ease of availability of iron, its abundance in the earth’s crust (5%), and its
economic extraction, it is widely used to cooperating with the demands. The iron is alloyed
with several different elements according to the requirements. One of the major alloys of
iron is steel, when the iron is alloyed with carbon and sometimes with other elements, to

Table 12.] Classification of Different Types of Wear

Types of Wear ~ Symptoms The appearance of the degraded surface
Abrasive Occurrence of spotless furrows cut out ~ Groves
by coarse abrasive particles
Corrosion Existence of corroded metal constituents Depressions or rough pits
Adhesive Prime symptom is metal allocation from  Catering, seizure surfaces, and torn out
the surface
Erosion Existence of solid abrasive particles in Waves and troughs

the rapid moving slurry/fluid and short
abrasion grooves

Fatigue Existence of surface cracks with some Sharp and short angular edges around
small pits and spalls pits

Delamination  Cracks running parallel to the surface Long, loose, and thin particles
with partially dislodged or movable flakes

Fretting Production of a voluminous amount of Seizure, roughening, and development
loose debris of oxides ridges

Cavitation Vibration and noise due to the sudden Ploughing, overlapped cavities, micropits,

collapsing of bubbles etc.
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control the physical as well as chemical properties of steel. Stainless steel is such steel
that has corrosion resistance, rust resistance, and water stain resistance, but ordinary steel
does not have such properties. However, stainless steel is not fully stain-proof in poor air-
circulation environments or low-oxygen and in high-salinity. Austenitic stainless steel is
commonly used mainly for injectors due to its good mechanical assets, such as high fracture
toughness, high impact energy, and weldability, among other beneficial characteristics in
the corrosive environment as well. Austenitic stainless steels, however, may be sufficient to
withstand cavitation attacks in harsh environments due to their exceptional properties. But
still, the equipment is not sustainable enough to protect the hydraulic equipment from haz-
ardous cavitation bubbles. Now, to overcome this dangerous hurdle in the field of hydraulic
components and make the component sustainable for the environment and the industries as
well, appropriate protective coating of harder metals/alloys is majorly suggested as a good
solution in the present literature [7, §].

A protective coating can be characterized as a film of material framed normally or artifi-
cially or stored intentionally on the exterior of a component made of material other than the
coated film with the point of getting needed specialized or enriching properties. It is a coat-
ing that can be imposed on an article’s surface, frequently called base material. The inspira-
tion behind the application of covering is the upgrade of the base material by improving its
physical characteristics, erosion resistance, wear resistance, and many more. The covering
technique includes using a thin covering of protective material on a substrate. The protective
material can be metallic or non-metallic, natural or inorganic, solid, fluid, or gas in a wide
range of utilization. The material must be worked under severe conditions, for example, cav-
itation, disintegration, erosion, and oxidation, at a higher temperature in aggressive chemical
situations. Hence, surface modification of these segments is important to secure them against
different sorts of surface disintegration. The base material gives vital mechanical proper-
ties, and coatings give a method for broadening the breaking points of the utilization of
materials at the upper end of their execution capacities, by allowing the mechanical posses-
sions of the substrate material to be kept up. Protective coatings might be applied to change
the surface properties of the substrate, for example, wettability, adhesion, erosion wear, or
wear resistance. Various researchers have already deposited a lot of protective layers over
the steel surface to make it sustainable, but even though some of the materials are still left
over, some work can still be performed, increasing the life of hydromachinery steel. Some
researchers have observed that coating of WC can prevent the hydraulic components from
cavitation and corrosion erosion [9, 10]. They have observed that the harder WC particles
are capable enough to provide the desired wear-resistive property to the substrate [11, 12].
Further, binders like Co, Cr, and Ni provide enough stiffness, leading to the effect of shock-
waves produced by the bursting of bubbles. In one of his investigations, Zhang et al. [13]
revealed the corrosion and erosion resistance of AISI 420 cladded with VC weight percent-
ages (0 wt.%—40 wt.%) increased when the VC fraction was raised. Other researchers also
observed that VC could be a hard coating material in order and sustainable coating material
to increase the wear resistive property of the surface [14, 15].

Of the various coating techniques, the thermal spraying technique is one of the most
important surface engineering techniques. It was observed as an effective solution for vari-
ous applications that requires resistance to cavitation, heat, and corrosion erosion [14—16].
The major thermal spraying processes are HVOF, arc wire spraying, flame spraying, plasma
spraying, etc. [17-19]. The detailed classification of different thermal spraying processes
and their energy requirement is given in Table 12.2. Among these thermal spray coating
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Table 12.2 Detailed Classification of Different Thermal Spraying Processes Along With Their Energy
Requirement

Processes Energy Different nomenclature
sources

High-energy =~ Detonation flame spraying ~ Chemical D-gun
processes Rodojet spraying Chemical Rodojet
HVOF spraying Chemical HVOF spraying
High-velocity flame
spraying (HVFS)
High-velocity air fuel
Plasma spraying Electrical Vacuum plasma spraying (VPS)
Air plasma spraying (APS)
Water-stabilized plasma spraying (UWS)
Inductive plasma spraying
Low-pressure plasma spraying (LPPS)

Low-energy  Flame spraying Chemical  Metallizing
processes Oxyfuel gas-powder spraying
Oxyfuel gas-wire spraying
Arc spraying Electrical Twin-wire arc spraying

Electric arc spraying
Twin-wire arc spraying

techniques, HVOF process technology has attracted much attention in the past few years
because of its supreme characteristics of providing a superior coating of a high adhesion
strength [20-22]. In one of their investigations, Bansal et al. [23] found that HVOF spray
(Tungsten carbide + cobalt-chromium)-based coating has successfully reduced the slurry
erosion wear of SS316 steel owing to its improved strength. Santa et al. [24] analyzed that
the slurry erosion resistance of specimens was improved up to 16 times when martensitic
steel was coated using the oxy fuel powder (OFP) process and the HVOF process. Further,
Amarendra et al. developed 70Ni30Cr coatings on SS410 steel substrate using the HVOF
process and further performed tests to investigate the slurry and cavitation erosion behavior
of the above-mentioned coatings. Specimens with deposited coatings better resisted erosion
than uncoated specimens. Moreover, Babu et al. produced WC-10Co-4Cr and Ni coatings
on the surface of SS316 steel by employing Detonation Gun thermal spray process. The
authors further processed the prepared specimens using microwave irradiations and probed
the behavior of prepared specimens against slurry and cavitation erosion. Post-processed
specimens were found to be nine times more resistant to cavitation erosion than the speci-
mens without post-processing.

From the literature survey, it can be easily concluded that high-velocity spraying sys-
tem has produced some good coatings, which have unbelievable strength in the field of
hydro-machinery equipment [25-27]. And the same can also be explained with the help
of a schematic diagram, as shown in Figure 12.1. In the present work, 75% VC blended
with a 25 wt.% binder CuNi-Cr has been deposited on hydromachinery SS316 steel using
the HVOF spraying process with an aim to prepare a sustainable coated surface that can
increase the life of hydromachinery steel. The basic impression behind the preparation of a
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Figure 12.] Sustainable coating surface development idea.

sustainable prepared surface is given in Figure 12.1. Further, cavitation erosion testing was
accomplished with the assistance of an in-house cavitation erosion test rig. As per ASTM
G134 standard with variability in impingement parameters comprising of jet velocity (m/s)
and stand-off distance (cm) [28, 29]. Furthermore, the microstructures and phase composi-
tion of the coating are acknowledged by scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS). Moreover, the possible mechanism behind the eroded sur-
faces is also examined by means of SEM.

12.2 Experimental procedure

12.2.1 Materials and HVYOF thermal spray process

For the present study, the metallic powders were procured from Chemi Enterprises LLP,
Mumbai, Maharashtra, India. The major powder (VC) used for the coating substrate steel has
bigger and dense morphology with the size of particles varying from 10 to 40 pm, as shown in
Figure 12.2 (a). Contrarily, CuNi powder was reported to have dense and globular morphol-
ogy with an average size of particle as 30 um (refer to Figure 12.2 (b)). Further, it was also
observed that Cr attained bulky, irregular, and solid morphology (refer to Figure 12.2 (c)). It
was also observed from Figures 12.2 (a), (b), and (c) that the powders were also composed
of many small-sized particles of 1-10 um in non-agglomerated and a bit of sintered state.
The morphology of the powders was deep-rooted by a FESEM (JSM-7610Fplus, JEOL,
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Figure 12.2 SEM micrograph of (a) vanadium carbide (VC) X500, (b) cupronickel (CuNi) X250, and
(c) chromium (Cr) powder X100.

Table 12.3 As-Received Composition (wt.%) of SS316 Compared With ASTM Standard

S8316 steel C Cr P Si Mn S Ni Mb Fe

ASTM standard <0.08 16-18 <0.045 <I <2 <0.03 8-12 2-3 Balance
As received 0.0739 17.01 0.043 096 198 0.023 986 2.76  Balance

Table 12.4 HVOF Process Parameters Acquired for Coating at MECPL, Jodhpur, India

Parameters Oxygen  Oxygen Fuel (LPG) Fuel pressure Air flow  Air pressure Spray ~ Powder feed
flow rate pressure flow rate  (kglcm?) rate (slpm) (kglem?) distance rate (g/min)

(slbm)  (kglcm?) (slpm) (cm)
Value 250-260 [1-12 65-75  6.5-7.0 650-750 5.5-6.5 [5ecm 40

Japan) and is mentioned in Figures 12.2 (a), (b), and (c). Further, the substrate steel used for
the present work was SS316 steel, and it was procured from Micro Engineering Company,
Ludhiana, Punjab. In order to confirm the purity of the substrate, the chemical composition
of the substrate is also done at MECPL, Jodhpur, India. The result and typical composition
are shown in Table 12.3.

Furthermore, the specimens were prepared for coating by sandblasting their surfaces with
a pressure blaster (PB-9182) machine before coating. Air, serving as a carrier gas, struck
ALO, particles (16 mesh size) across the surface of the substrate at a pressure of 5 bar,
resulting in average surface roughness of 12—14 pm. Then, the substrate was coated by
VC+CuNi-Cr based coating using a Hipojet-2700 gun spraying system. The HVOF spraying
parameters acquired while the coating is mentioned in Table 12.4. After 12—13 passes of the
spraying gun, a coating of an average thickness of 250 um is deposited over the substrate.
Further, the self-explanatory schematic diagram for the experimental coating setup has been
manifested in Figure 12.3. From Figure 12.3, it can be explained that the SS316 material was
first grit blasted with the aid of grits, and a rough surface was obtained. After that, coating
powders were fed to the mixing chamber, where these powders were mixed and transferred
in a Hipojet-2700 gun, which was operated with a gas control unit. Owing to the high-
temperature characteristic of the HVOF spraying system, the powders got evacuated out of
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Figure 12.3 Schematic representation of coating — experimental setup.

the gun in the form of splats and got wedged over the base surface owing to the supersonic
velocity characteristic of the HVOF spraying technique.

12.2.2 Cavitation erosion tests

Coated and uncoated specimens were evaluated for their cavitation erosion behavior by
using high velocity cavitation erosion test rig configurations per ASTM G134 standards. The
detailed setup of the test apparatus can be found in the existing literature [14]. In essence,
the test rig has such a design that it permits the impingement of a high-speed jet of water on
the submerged specimen. Thus, the effect of the straight impact of the jet becomes negligible
owing to the underwater placed specimen. Further, the rapid velocity at the nozzle’s tip can
lower the pressure much beneath the saturated vapor pressure, which results in the creation
of underwater bubbles and cavitation clouds [23]. In this course of work, both specimens
were tested with the variability in impingement parameters, comprising jet velocity (m/s)
and stand-off distance (cm) with a fixed impingement angle (degree) to normal. Further-
more, both the specimens (coated and uncoated) were imperiled to CE for 10 h with the
effective parameter combination corresponding to the maximum erosion from the different
combinations of the full factorial method, that is, velocity 40 m/s and stand-off distance 12
cm, while the nozzle diameter and angle of attack as 3 mm and 90°, respectively. Further-
more, the samples were cleaned and then weighed using Shimadzu AUW-120D weighing
balance having a least count of 0.0001 g.

12.2.3 Microstructure characterization

The cross-sectional SEM images of coated specimens have been captured and apprehended
using FESEM (JSM-7610Fplus, JEOL, Japan). Further, with assistance from the Imagel
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software, these SEM images of cross-sections have been used to determine the porosity and
average thickness of the coating. Further, the surface irregularities of the coated specimen
are were measured by using (Surtronic, Taylor Hobson: SE1200) apparatus. Furthermore,
Vickers hardness tests of the coated and uncoated specimens were measured at a load of 500
g for an average time of 20-s with the assistance of Vickers micro-hardness tester (RMHT-
201 by Radical Scientific Equipment Private Limited, India). Moreover, to ensure the repeat-
ability of results, the reading was taken at 15 different locations.

12.3 Results and discussions

12.3.1 Characterization of developed coating

After the deposition, the above-mentioned coatings were characterized for various attributes,
namely percentage porosity, surface roughness, and microhardness. In that context, Fig-
ure 12.4 shows the cross-sectional view of 75%VC+25%CuNi-Cr coating deposited over
SS316 Steel. It is very clear from the cross-sectional image that the coatings have splats-like
structures and strong mechanical interlocking at the interface, which might be attributed to
the high-velocity behavior of the HVOF spraying technique. Further, variable distribution of
coating splats can be observed in asperities of the SS316 surface. Coating thickness values
were measured at 10 different locations using the ImagelJ software, and an average coat-
ing thickness of 229.5 um was recorded. Some part of the interface is enclosed in a shape,
and its enlarged view is shown adjacent to it. The enlarged view verifies the existence of
micro-pores and cracks in the coating, which might have deposited during the deposition.
High-melting point VC particles might have caused the generation of pores in the above-
mentioned coatings. Some of the VC particles could not melt properly and hence remained
in partially solid form. These partially melted particles cause the non-uniform distribution
of further depositing splats. It generates some pores as well as surface irregularities in the
developed coatings. Therefore, porosity in coatings enhances coating thickness, which, in
turn, provides cushioning effect while the bursting of bubbles during CE tests.

Further, Table 12.5 clarifies the average surface roughness and microhardness values of
SS316 steel and 75%VC+25%CuNi-Cr coated specimen. It is clear from Table 12.5 that the
coated specimen has very high microhardness as compared with stainless steel. Moreover,

:“
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Figure 12.4 Cross-sectional SEM image of HVOF sprayed (75%VC+25%CuNi-Cr).
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Table 12.5 Average Surface Roughness and Microhardness Values of SS316 steel and 75%VC+25%

CuNi-Cr
Specimens $S316 75%VC+25%CuNi-Cr
Average surface roughness Ra (um) 1.785 +0.13 3.672 £ 0.26
Microhardness (HV9.8IN) 156 + 8 974 + 26

W 37% Fe

816% Ni
SS316 | ®08% Cu

@O1%

200 pm

Figure 12.5 Cross-sectional mapping of HVOF sprayed (75%VC+25%CuNi-Cr).

ten values of microhardness values were taken at the spacing of 100 pm corresponding to
a particular specimen, and then, the average value was considered to get the precise result.

Moreover, to find the homogeneity of the sprayed coating particles in the coating matrix,
the EDAX mapping of the cross-section was also evaluated, as shown in Figure 12.5. From
the matrix, it can be evaluated that particles are homogenous and spread all over the coating
surface, which leads to a better and more sustainable surface owing to the adequate propor-
tion of hardness and toughness present within.

12.3.2 Cavitation erosion characteristics

Figure 12.6 depicts the cumulative cavitation erosion mass loss curves of HVOF sprayed
75%VC+25%CuNi-Cr coating and SS316 steel. Further, it has been conspicuously observed
that HVOF sprayed 75%VC+25%CuNi-Cr coating has an excellent cavitation erosion resis-
tance than SS316 steel. The mass loss of the coated and uncoated specimens was evaluated
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Figure 12.6 Cumulative mass loss SS316 steel and 75%VC+25%CuNi-Cr with time.

for 10 h at a regular time interval of 1 h. It was found that the cumulative mass loss of HVOF
sprayed 75%VC+25%CuNi-Cr coating was 14.1 mg, which was only 51% of the mass loss
of SS316 steel (27.4 mg).

12.3.3 Failure and mass loss due to impingement variables

Various researchers, including Pandey et al. [14], concluded that cavitation erosion was
mainly affected by variability in impingement parameters comprising jet velocity (m/s),
stand-off distance (cm), etc. Keeping this in mind, the erosion tests were performed cor-
responding to the above-mentioned operating parameters. The full factorial design method
was used to get the optimized result which comprises two factors and three levels. Thus, a
total of nine sets of experiments were performed in each case of coated and uncoated speci-
mens. Further, Figure 12.6 shows the effect of jet velocity and SOD at a normal impingement
angle (90°). From the readings obtained, it was perceived that mass loss increased with the
velocity of the jet. The reason is quite obvious. With the increase in jet velocity, the pres-
sure loss in flowing fluid is also increased; thus, the more the velocity of jet, the more the
interruptions in water flow, and therefore, the higher the pressure loss. Furthermore, it also
proliferates the establishment of bubbles, which causes extra erosion due to cavitation.
SOD distance also proved to be a major parameter while obtaining the mass loss for both
coated and uncoated specimens. From Figure 12.7, it can be easily concluded that the mass
loss is highest at intermediate SOD of 8 cm, lower at 12 cm, and minimum at 4 cm. That
might be because at a lower stand-off distance, although bubbles are formed, they could not
persist on the surface of specimens and are taken away by fluid flowing at high velocity.
Further, at higher SOD, the bubbles can grow properly and gets burst in the fluid itself before
striking the targeted area. Therefore, the mass loss is maximum at intermediate SOD because
at intermediate SOD, the generated bubbles have enough time to stabilize and target the sur-
face of specimens. Moreover, the coated specimen provides good resistance as compared to



192 Vikrant Singh et al.

30

%
7

Mass loss (* 10 gm)

30 m/s

SOD (cm)
BSS316 mass loss 875%VC+25%CuNi-Cr mass loss

Figure 12.7 Mass loss variations of SS316 steel and HVOF sprayed 75%VC+25%CuNi-Cr coated SS316
steel with a velocity of jet and stand-off distance (SOD) at normal impact angle (90°).

the substrate. The probable reason might be the increased hardness of the coating specimen
as compared to the base substrate.

12.3.4 Cavitation failure mechanism

With the aim of finding the mechanism of erosion behind the coated and uncoated speci-
mens, the SEM images of both specimens were deeply interrogated. Figure 12.8 shows the
eroded SEM images of 75%VC+25%CuNi-Cr coated SS316 steel during cavitation resis-
tance experimentation. Coating splats were observed in the SEM image, which may correlate
with the major attribute of the HVOF spraying technique. The low melting point of CuNi-Cr
particles allows their complete melting, which, in turn, deposits the material in the form of
splats. A deep enlarged cavity is enclosed in an area, and its magnified view is presented
in an adjacent SEM image. Desquamation of material was also observed, which might be
because of the presence of cracks and pores on the coating surface. A plastically deformed
zone or a deep enlarged cavity is also visible in Figure 12.8, which might be because of the
bursting of multiples bubbles at a softer region produced by binders (CuNi-Cr). Micro pits
and pores can easily be observed close to the plastically deformed zone. In crux, this type of
coating acquires moderate hardness and adequate stiffness with the combined effect of VC
and CuNi particles. Further, this combined effect cushioned the dangerous shock waves and
increased the resistance to cavitation erosion. Contrarily, if we talk about the mechanism
behind the erosion of SS316 then it is observed that the substrate is majorly eroded by ductile
failure mode. The major cause behind the erosion of SS316 steel might be a large number of
short-term impacts of the bursting of bubbles. The same type of mechanism for SS316 steel
is also reported in the existing literature.



Modification of SS316 steel with the assistance of HVOF 193

Material roW‘

100p= SLIET §/4/2021 10pm  SLIET 5/4/2021
LM WD Sem 18:09:31 2 v _SE WD 16.Smm 18:10:5

1.62K (c)
1.44K
1.26K
1.08K
0.90K
0.72K o

0.54K

<

0.36K
Cu

0.18K 4 v
Ni
P W WIS E = S

0.00K* g g askaet et o -
0.0 13 2.6 39 5.2 6.5 7.8

Figure 12.8 Eroded SEM images along with EDS attachment of 75%VC+25%CuNi-Cr coated SS316
steel.

Moreover, the EDS plot also verifies the presence of oxygen on the coated surface. There-
fore, it can be concluded that the specimen surface is coated with desired V, C, Cu, Ni, and
Cr elements, along with some oxides that are developed during the travel of powder particles
to the coating surface.

12.4 Conclusions

This chapter emphasized on preparing sustainable coated material that can be used as a
replacement for hydromachinery equipment. Based on the experimental results and erosion
mechanism, the following conclusions were made:

*  75%VC+25%CuNi-Cr coating was magnificently prepared over SS316 steel by the
HVOF spraying process. The coating was denser in nature, with tight mechanical inter-
locking in between the splats.

»  Vickers microhardness of 75%VC+25%CuNi-Cr coating was found to be 974 HV9.81N,
which is much higher than that of SS316 steel (156 HV9.81N).
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From the results of the cavitation erosion test-coated specimen, it was concluded that
the specimen with the highest microhardness corresponded to the minimum cavita-
tion erosion resistance. The conclusion drawn was in accordance with the previous
studies [26].

Resistance to cavitation erosion was found to be much higher (about 52%) for
75%VC+25%CuNi-Cr coated SS316 steel as compared to bare SS316 steel. That clari-
fies that 75%VC+25%CuNi-Cr coated surface can be used as a sustainable coated sur-
face in place of bare SS316 steel.

Both the coated and uncoated specimens were found to have different mechanisms of
failure. In the case of SS316 steel, a ductile manner of failure was identified, while in
the case of 75%VC+25%CuNi-Cr coated SS316, mix manner of failure was identified
(i.e., brittle and ductile).

Acknowledgments

Authors thankfully acknowledge the Central Research Facility, SLIET Longowal, for car-
rying out SEM and EDS analysis and Research Grant under TEQIP-III (Subcomponent
1.3.2.5), SLIET, Longowal, India for carrying out this R&D work on “Design and Develop-
ment of Cavitation Test Rig to Analyze the Cavitation Erosion of Hydro-Machinery Steels
under Surface Modifications” vide reference number SLIET/Dean (R&C)/2019/693, dated
26/03/2019.

References

1)

2)

3)

4

)

6)

7)

8)

9)

Hong, S., Wu, Y., Wu, J., Zhang, Y., Zheng, Y., Li, J., & Lin, J. (2021). Microstructure and cavi-
tation erosion behavior of HVOF sprayed ceramic-metal composite coatings for application in
hydro-turbines. Renewable Energy, 164, 1089-1099.

Hong, S., Wu, Y., Wu, J., Zheng, Y., Zhang, Y., Cheng, J., . . . & Lin, J. (2020). Effect of flow
velocity on cavitation erosion behavior of HVOF sprayed WC-10Ni and WC-20Cr3C2-7Ni coat-
ings. International Journal of Refractory Metals and Hard Materials, 92, 105330.

Zhang, H., Chen, X., Gong, Y., Tian, Y., McDonald, A., & Li, H. (2020). In-situ SEM observa-
tions of ultrasonic cavitation erosion behavior of HVOF-sprayed coatings. Ultrasonics Sono-
chemistry, 60, 104760.

Bansal, A., Singh, J., Singh, H., & Goyal, D. K. (2021). Influence of thickness of hydrophobic
polytetrafluoroethylene (PTFE) coatings on cavitation erosion of hydro-machinery steel SS410.
Wear, 477, 203886.

Karaoglanli, A. C., Oge, M., Doleker, K. M., & Hotamis, M. (2017). Comparison of tribological
properties of HVOF sprayed coatings with different composition. Surface and Coatings Technol-
ogy, 318, 299-308.

Bansal, A., Goyal, D. K., Singh, P., Singla, A. K., Gupta, M. K., Bala, N, . . . & Setia, G. (2020).
Erosive wear behaviour of HVOF-sprayed Ni-20Cr203 coating on pipeline materials. Interna-
tional Journal of Refractory Metals and Hard Materials, 92, 105332.

Wang, J., Chen, H., Qin, L., Li, Y., & Chen, D. (2008). Key roles of micro-particles in water
on occurrence of cavitation-erosion of hydro-machinery. Chinese Science Bulletin, 53(10),
1603-1607.

Petkovsek, M., & Dular, M. (2013). Simultaneous observation of cavitation structures and cavita-
tion erosion. Wear, 300(1-2), 55-64.

Santa, J. F., Blanco, J. A., Giraldo, J. E., & Toro, A. (2011). Cavitation erosion of martensitic and
austenitic stainless-steel welded coatings. Wear, 271, 1445-1453.



Modification of SS316 steel with the assistance of HVOF 195

10)

11)
12)

13)

14)

15)

16)

17)

18)

19)
20)
21)

22)

23)

24)
25)

26)

27)
28)

29)

Singh, S., Kumar, P., Goyal, D. K., & Bansal, A. (2021). Erosion behavior of laser cladded Colm-
onoy-6+ 50% WC on SS410 steel under accelerated slurry erosion testing. International Journal
of Refractory Metals and Hard Materials, 98, 105573.

Goyal, D. K., Singh, H., Kumar, H., & Sahni, V. (2012). Slurry erosion behaviour of HVOF
sprayed WC-10Co—4Cr and AlL,O, + 13TiO, coatings on a turbine steel. Wear, 289, 46-57.
Krelling, A. P. (2018). HVOF-sprayed coating over AISI 4140 steel for hard chromium replace-
ment. Materials Research, 21(4), €20180138.

Zhang, H., Chen, X., Gong, Y., Tian, Y., McDonald, A., & Li, H. (2020). In-situ SEM observa-
tions of ultrasonic cavitation erosion behavior of HVOF-sprayed coatings. Ultrasonics Sono-
chemistry, 60, 104760.

Pandey, S., Bansal, A., Omer, A., Singla, A. K., Goyal, D. K., Singh, J., & Gupta, M. K. (2021).
Effect of fuel pressure, feed rate, and spray distance on cavitation erosion of Rodojet sprayed
ALO,+50%TiO, coated AISI410 steel. Surface and Coatings Technology, 410, 126961.

Bansal, A., Singla, J., Pandey, S., & Raj, P. (2020). Design and development of high-velocity sub-
merged water jet cavitation erosion test rig. In Manufacturing Engineering (pp. 85-93). Springer,
Singapore.

Stachowiak, G. B., & Stachowiak, G. W. (2010). Tribological characteristics of WC-based clad-
dings using a ball-cratering method. International Journal of Refractory Metals and Hard Mate-
rials, 28(1), 95-105.

Murthy, J. K. N., & Venkataraman, B. (2006). Abrasive wear behaviour of WC-CoCr and
Cr3C2-20 (NiCr) deposited by HVOF and detonation spray processes. Surface and Coatings
Technology, 200(8), 2642-2652.

Barletta, M., Bolelli, G., Bonferroni, B., & Lusvarghi, L. (2010). Wear and corrosion behavior of
HVOF- sprayed WC-CoCr coatings on Al alloys. Journal of Thermal Spray Technology, 19(1),
358-367.

Zhang, Z., Yu, T., & Kovacevic, R. (2017). Erosion and corrosion resistance of laser cladded AISI
420 stainless steel reinforced with VC. Applied Surface Science, 410, 225-240.

Herman, H., Sampath, S., & McCune, R. (2000). Thermal spray: Current status and future trends.
MRS Bulletin, 25(7), 17-25.

Brandt, O. C. (1995). Mechanical properties of HVOF coatings. Journal of Thermal Spray Tech-
nology, 4(2), 147-152.

Dongmo, E., Wenzelburger, M., & Gadow, R. (2008). Analysis and optimization of the HVOF
process by combined experimental and numerical approaches. Surface and Coatings Technology,
202(18), 4470—4478.

Bansal, A., Singh, J., & Singh, H. (2019). Slurry erosion behavior of HVOF-sprayed WC-10Co-
4Cr coated SS 316 steel with and without PTFE modification. Journal of Thermal Spray Technol-
ogy, 28(7), 1448-1465.

Santa, J. F., Blanco, J. A., Giraldo, J. E., & Toro, A. (2011). Cavitation erosion of martensitic and
austenitic stainless steel welded coatings. Wear, 271(9-10), 1445-1453.

Bansal, A., Singh, J., & Singh, H. (2020). Erosion behavior of hydrophobic polytetrafiuoroethyl-
ene (PTFE) coatings with different thicknesses. Wear, 456, 203340.

Singh, V., Singh, 1., Bansal, A., Omer, A., Singla, A. K., & Goyal, D. K. (2022). Cavitation ero-
sion behavior of high velocity oxy fuel (HVOF) sprayed (VC+ CuNi-Cr) based novel coatings
on SS316 steel. Surface and Coatings Technology, 128052.

Cheng, F., Jiang, S., & Liang, J. (2013). Cavitation erosion resistance of microarc oxidation coat-
ing on aluminium alloy. Applied Surface Science, 280, 287-296.

Qiu, N., Wang, L., Wu, S., & Likhachev, D. S. (2015). Research on cavitation erosion and wear
resistance performance of coatings. Engineering Failure Analysis, 55, 208-223.

Hutli, E., Nedeljkovic, M. S., Bonyar, A., & Légrady, D. (2017). Experimental study on the influ-
ence of geometrical parameters on the cavitation erosion characteristics of high speed submerged
jets. Experimental Thermal and Fluid Science, 80, 281-292.



Chapter I3

Effect of HVYOF sprayed
TiC+25%CuNi-Cr coatings on
sustainability and cavitation
erosion resistance of SS316 steel

Rampal, Anuj Bansal, Anil Kumar Singla, Deepak
Kumar Goyal, Jonny Singla, and Vikrant Singh

Contents

13.1 Introduction
13.2  Experimental procedure
13.2.1 Materials and method of coating deposition
13.2.2 Fabrication of coating
13.2.3 Characterization of developed coatings
13.2.4 Cavitation erosion test
13.3  Results and discussions
13.3.1 Mechanical and morphological studies of deposited coatings
13.3.2 Cavitation erosion analysis
13.3.3 Cavitation erosion analysis of steel and TiC+25%CuNi-Cr
coated surface
13.3.3.1 SS316 steel specimen
13.3.3.2  TiC+25%CuNi-Cr coated surface
13.4 Conclusions
References

Abbreviations

ASTM: American Society for Testing and Materials
CER: Cavitation Erosion Resistance
Cr: Chromium

CuNi: Copper Nickel/Cupronickel
HV: Vickers Hardness

HVAF: High Velocity Air Fuel
HVOF: High Velocity Oxy Fuel
SCHF: Standard Cubic Feet per Hour
SEM: Scanning Electron Microscopy
SLPM: Standard Liter per Minute
TiC: Titanium Carbide

SOD: Stand-Off Distance

DOI: 10.1201/9781003291961-15

197
198
198
200
200
202
203
203
204

206
206
207
208
209


https://doi.org/10.1201/9781003291961-15

Effect of HVOF sprayed TiC+25%CuNi-Cr coatings 197

13.1 Introduction

The utilization of hydromachinery components is increasing day by day in almost all coun-
tries as they take part in the conversion of water energy into some other sort of energy such
as electrical and mechanical. The shape and size of these water-handling components, such
as turbine water buckets, impellers, and guide vanes, are a matter of great concern, espe-
cially in countries where hydroelectricity is the prominent source of energy [1, 2].

These components confront the problem of expunging of material from the surface
through a well-known phenomenon called cavitation [2, 3]. In this phenomenon, the sur-
face of the component is worn out by pressure waves induced by the bursting of bubbles
over it. Bubbles are generated when the flow of the water is restricted, and its pressure is
suddenly alleviated even lower than its vapor pressure. These bubbles are then carried to a
high-pressure area by the flow of water, where they collapse [4—6]. High-frequency burst-
ing of bubbles induces high-intensity shock waves, which further results in the generation
of fatigue or cyclic stresses in the component and thus cause erosion of the surface [7]. This
erosion occurs in the form of pits over the surface, which further hinders the flow of water
and is followed by a lower efficiency of hydromachinery components [§].

To overcome the problem of cavitation erosion, one of the surface engineering techniques,
called “coatings”, have been explored in this work. Coatings have proved to be one of the
best alternatives for the enhancement of surface properties [9]. Researchers are continuously
working on the materials that can be coated on substrates by employing various techniques
of coatings. Chiu et al. [10] coated NiTi powder over SS316 substrate using the laser tech-
nique of coating and concluded that the CE resistance of the specimens was increased by 29
times when compared to that of uncoated SS316 steel. Cheng et al. deployed NiTi coatings
on SS316 steel using tungsten inert gas (TIG) surfacing process with an ambition to increase
the resistance to cavitation erosion. The authors found that the cavitation erosion resistance
of the above-mentioned coatings increased nine times that of SS316 steel specimens without
coatings. It was attributed to the ability of the coatings to persist the super elasticity and
retain high hardness during the application. Therefore, it can be deduced that coatings can
provide desirable properties over the surface and can make the overall components more
sustainable.

In this course of work, the thermal spray process was employed to deposit the required
materials over the substrate in order to enhance the sustainability of the parent component by
improving its surface. In thermal spray deposition processes, materials in melted or partially
melted form are sprayed over the substrate to produce the coating using both thermal and
kinetic energies of the particles to be coated. The researchers have employed a number of
thermal spray processes so far to produce surface protective coatings.

Babu et al. produced WC-10Co-4Cr and Ni coatings on the surface of SS316 steel by
employing the detonation gun thermal spray process [11]. The authors further processed
the prepared specimens using microwave irradiations and probed the behavior of prepared
specimens against slurry and cavitation erosion. Post-processed specimens were found to
be nine times more resistant to cavitation erosion than the specimens without post-process-
ing. Wang et al. produced CoMoCrSi coatings on steel substrate using atmospheric plasma
spraying (APS) process and subsequent heating of the specimens [12]. The authors con-
ducted ultrasonic tests to investigate the cavitation erosion behavior of prepared coatings.
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In the results, it was found that heat treatment significantly reduced the depth of erosion in
deposited coatings. Moreover, weak adhesion of splashes produced during the plasma spray
process and delamination of fragments resulting from the bursting of bubbles were found
to be the two major reasons for the damage over deposited coatings. Cheng et al. deposited
FeBSiCrNbMnY alloy coatings on stainless steel substrate using the wire arc spraying pro-
cess [13]. The authors analyzed the microstructure and mechanical properties of the devel-
oped coatings. The above-mentioned coatings recorded high microhardness and excellent
wear resistance. Zeng et al. sprayed 316L + stainless steel coatings on carbon steel substrate
using high-velocity air fuel (HVAF) process and studied the effect of powder feed rate and
particle size on the microstructure and oxide content of the coatings [14]. The authors found
a decrease in oxide content in the coatings with an increase in powder feed rate and particle
size. The corrosion resistance of the coatings was also evaluated. Amarendra et al. devel-
oped 70Ni30Cr coatings on SS410 steel substrate using the HVOF process and further per-
formed tests to investigate the slurry and cavitation erosion behavior of the above-mentioned
coatings [15]. Specimens with deposited coatings better resisted the erosion than uncoated
specimens.

In the present work, high velocity oxy fuel (HVOF) thermal spray process of coating has
been explored. In this process, fuel gas and oxygen, after mixing with each other, are fed to
a combustion chamber to ignite. The resultant high-velocity gas stream is allowed to egress
through a nozzle at a very high speed, which is further amalgamated with powder to be
coated. Fully or partially melted powder, carried by a high-velocity gas stream, is then struck
to the substrate and thus gets deposited [16]. HVOF is selected as the process of coating
owing to its benefits over other thermal spray processes, such as comparatively less porosity
and dense coatings. These advantages are attributed to the high velocity of coating particles
with which they impinge over the substrate. Further, substrate and coating materials should
have a high modulus of elasticity which cause high stiffness in the material. More the stiff-
ness, more the resistance for deformation due to shock waves. Materials should be tough in
nature and should have moderate hardness [17].

SS316 is selected as the substrate in the present work for having a good proportion
of chromium (Cr) and nickel (Ni) in it [18], which provides great stiffness and also pro-
tects it from corrosion [19]. The high hardness of titanium carbide (TiC) and adequate
amount of stiffness provided by cupronickel (CuNi) make them appropriate to be chosen
as coating materials as more the stiffness, more the resistance for shock waves [20], and
less the CE.

Therefore, in this work, TiC was deposited along with 25 wt.% of CuNi and Cr as binding
materials over stainless steel (SS316), acting as the substrate, using the High Velocity Oxy
Fuel (HVOF) thermal spray process of coating.

13.2 Experimental procedure

13.2.1 Materials and method of coating deposition

Fine particles of TiC and CuNi-Cr were deposited on the SS316 steel specimen by employ-
ing the HVOF process of coating. With a very high Mohs hardness value (9-9.5) [21], TiC
provides great resistance to surface erosion by flowing water bubbles. Moreover, the elastic
modulus (E) of about 400 GPa is adequate for TiC to provide high resistance to cavitation
erosion as it gives cushioning effect to the material during high-intensity pressure waves.
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CuNi and Cr are selected as the binders in the above-mentioned coatings. These binders,
having a low melting point, melt earlier than TiC particles and bind the coatings together
during the deposition. Stainless steel (SS316) is selected as the substrate as it consists of a
great proportion of Cr (16.74%) and Ni (10.55%) in it. Cr provides high resistance to cor-
rosion and Ni adds to the stiffness, which helps the specimens bear pressure waves during
cavitation.

Stainless steel was procured in the form of a plate having dimensions 600 mm x
150 mm x 8 mm. It was later cut into pieces (70 mm x 30 mm x 8§ mm) so as to act as
specimens for HVOF coatings. Table 13.1 shows the chemical composition of procured
SS316 steel, which was acquired by conducting its spectroscopy. Table 13.1 further com-
pares the acquired chemical composition of SS316 steel with that as per ASTM stan-
dards. The chemical composition of procured SS316 steel was clearly within the range
of ASTM standards.

Coating materials were procured in powdered form from Parshwamani Metals, an indus-
trial unit in Mumbai city of Maharashtra in India. Powders were then analyzed through
SEM technique in order to cognize their morphology. Figure 13.1 (a, b, and c) represents
the images of TiC, CuNi, and Cr powders, respectively, acquired from SEM technology. TiC
particles, as shown in Figure 13.1 (a), were found to have irregular shapes with sizes varying
from 5 to 45 pm, constituting an average particle size of 35 pm. Cr was also recorded to have
jagged powder particles with sizes varying from 60 to 110 um, resulting in average particle
size of 75 um (with reference to Figure 13.1 (c)). CuNi powder particles (refer to Figure 13.1
(b)) were reported to have non-uniform spherical shapes with their sizes varying from 10-50
pm and an average particle size of 30 pm.

Table 13.1 Composition of SS316 as Per Spectroscopy and Its ComparisonWith Standard Composition

§$S316 steel C Cr P Si Mn S Ni Mb  Fe
ASTM standard <0.08 16-18 <0.045 <I <2 <0.03 8-12 2-3 Balance
As received 0.0759 17.08 0.043 0.991 1.91 0.024 9.86 274 Balance

Figure 13.1 SEM images of (a) titanium carbide (TiC), (b) cupronickel (CuNi), and (c) chromium (Cr)
powder particles.
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13.2.2 Fabrication of coating

Coatings are deposited by employing HVOF thermal spray process because of their numer-
ous advantages, namely high density of coatings, low porosity, and less chance of metal-
lurgical transformations amid the travel of particles from the nozzle to substrate owing to
their high velocities. Specimens were coated with the above-mentioned materials in MECPL
(Metalizing Equipment Co. Pvt. Ltd), one of the prestigious organizations known for HVOF
coatings and situated in Jodhpur district of Rajasthan in India. Before coatings, specimens
were prepared by sand blasting their surfaces using a pressure blaster (PB-9182) machine.
Air acts as a carrier gas for sand blasting the specimens to be coated. With 5 bars of pres-
sure, the air is struck over the surface along with Al,O, particles (16 mesh size) contained
in it. Average surface roughness of 6-8 pum is thus obtained. Sand blasting the specimens
resulted in the formation of asperities over the surface, which further proves beneficial for
good mechanical interlocking of coatings and substrate.

Sand-blasted specimens were taken to the HVOF coatings deposition setup. The setup
comprised a programmable controller, gas supply controller, powder feed unit, and HVOF
torch setup (Figure 13.2). A set of instructions in the form of a program were given to the
programmable controller that further sent the controlling signals to the gas supply unit and
powder feed unit. A controlled amount of gasses and coating powder were fed to the HVOF
torch. Products of combustion partially or fully melted the powder, which was further depos-
ited in the form of coatings.

Prepared specimens were coated by imitating above stated parameters in Table 13.2 dur-
ing the HVOF process. Oxygen, fuel, and air were provided with flow rates of 260, 60, and
450 SLPM (Standard Liter Per Minute). Nitrogen as carrier gas was provided with a flow
rate of 20 SCFH (Standard Cubic Feet per Hour). Particles were sprayed over the specimen
surface at a distance of 6 inches with a spraying velocity of 700 m/s (refer to Table 13.2).
High-velocity coating particles in molten or semi-molten form were taken to the substrate
and were impinged over the surface of the substrate in the form of splats. Asperities obtained
from sand blasting the surface were filled first by high-velocity coating particles. There
occurred mechanical interlocking between the substrate and the deposited splats. A con-
tinuous spray of coating particles makes the molten or semi-molten splats deposit over one
another once the asperities are filled. This deposition, up to a certain extent, comprises the
thickness of coatings.

13.2.3 Characterization of developed coatings

For investigating the coating morphologies, SEM images of the surface as well as of the
cross-section of coatings were taken and analyzed. Corresponding to each magnification of
100%, 500%, and 1500%, five SEM images of the surface and the cross-section were taken.
Various attributes of coatings, namely thickness and microhardness were evaluated by refer-
ring to acquired SEM images. ImageJ software was utilized to evaluate the extent of porosity
and thickness of developed coatings with the assistance of their cross-sectional SEM images
taken at various magnifications.

Micro hardness of specimens was investigated by employing a standard Vickers micro
hardness testing machine (RMHT-201). Loads of 1000 and 500 g were utilized for a dwell
time of 30 seconds during the evaluation of micro hardness values of uncoated and coated
specimens, respectively. Moreover, the Surtronic device (Taylor Hobson: SE1200) was used
for obtaining a surface roughness value of sustainable coated substrates.
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Figure 13.2 Setup for the deposition of high velocity oxy fuel (HVOF) sprayed coatings.

Table 13.2 HVOF Process Parameters Acquired for Coating at MECPL, Jodhpur, India

Parameters Oxygen flow Oxygen Fuel (LPG) Fuel pressure Air flow  Air pressure Spray  Powder feed
rate (slpm) pressure flow rate  (kglem?) rate (kglem?) distance rate (g/min)
(kglem?) (slpm) (slbm) (ecm)

Value 240-260 10-11 50-60 6.0-7.0 650-750 6.0-7.5 16 35
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13.2.4 Cavitation erosion test

Coated and uncoated specimens were investigated for their cavitation erosion behavior using
a high-velocity cavitation erosion test rig with configurations per ASTM G134 standards.
Bansal et al. [22] provided the detailed construction and elucidation of experimental setup
in one of their works. The same has been reproduced in image form in Figure 13.3. Water
from the tank is taken to the nozzle through the delivery pipe with the help of a 1.5 KW
power capacity phase motor. Water discharge through the nozzle was regulated by using two
regulatory valves, which were mounted on the delivery pipe and are shown in Figure 13.3.
Variation in water discharge through the nozzle using these regulatory valves further con-
trolled the jet velocity as the diameter of the nozzle was fixed at 3 mm throughout the experi-
mentation. Moreover, three pressure gauges were mounted on the nozzle to keep required
surveillance on any pressure variations.

Erosion tests were performed by varying parameters, namely the velocity of the jet and
stand-off distance. The velocity of the jet prodigiously affects the CE of specimens as more
the velocity, more the pressure drop, and higher the bubble generation rate. Therefore, to
analyze the influence of jet velocity on surface erosion, three levels of velocity were consid-
ered, that is, 20, 30, and 40 m/s. Moreover, stand-off distance affects the number of bubbles
approaching the specimen surface. Therefore, it is considered one of the parameters during
cavitation erosion tests with three level values of 4, 8, and 12 cm.

Further, by considering two process parameters and that too at three levels, nine different
combinations of parametric values were considered using a full factorial design approach.

Bypass pipe

Delivery

SOD: Stand-off distance

Figure 13.3 Components of construction in cavitation erosion test rig [22].
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Cavitation erosion tests were performed on each specimen completely submerged in water
for ten hours. Eroded specimens are then cleaned with acetone to eliminate expunged mate-
rial accumulated over the surface. Then, material loss is evaluated by finding difference in
weights of the specimen before and after the cavitation erosion test by using a weighing
machine (Shimadzu AUW-120D) with the least count of 0.0001 g. To ensure the repeatabil-
ity of experimental results, the cavitation erosion test for the same parametric combination
was performed thrice, and the mass loss was observed.

13.3 Results and discussions

13.3.1 Mechanical and morphological studies of
deposited coatings

Figure 13.4 shows the cross-sectional view of coatings deposited over substrate having
mechanical interlocking in between them. A magnified view of the substrate-coating inter-
face is also given adjacent to the figure. The distribution of coatings in asperities of the
substrate’s surface can also be seen here. Good mechanical interlocking can be observed in
deposited coatings by virtue of less porosity at the interface. The reason is quite obvious that
binders (CuNi-Cr) having low melting points melt before TiC particles and hence bind them
together during the deposition of coatings. It further results in the complete filling of asperi-
ties with strong interlocking in between them. Good mechanical interlocking at the interface
results in high bond strength of coatings. Moreover, some non-melted TiC particles can
also be located in the figure. The comparatively high melting point of TiC powder particles
than that of CuNi-Cr particles might be the reason for this. Tables 13.3 and 13.4 represent

TiC+CuNi-Cr
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Figure 13.4 Cross-sectional SEM images of titanium carbide + 25%cupronickel-chromium coatings.

Table 13.3 Porosity Percentage and Average Thickness of Coatings Corresponding to Deposited
Coatings

Sr. No. Composition Porosity (%) Thickness (um)

l. (75%TiC) + (25% CuNi-Cr) 117 21433
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Table 13.4 Microhardness and Average Surface Roughness of Coated and Uncoated Specimens

Attributes Specimens

SS316 TiC + 25%CuNi-Cr (coated)
Microhardness (HV) 155 +5 1015 +3
Average surface roughness (um) 1.690 £ 0.17 3.792 £0.22

various attributes of coated and uncoated specimens, along with their recorded values. To
measure the thickness of deposited coatings, ImageJ software was utilized. Coating thick-
ness values were evaluated at ten different locations, and an average thickness of 214.33 um
was recorded.

With reference to the above-mentioned data in tabular form, it can be apprehended as
TiC + 25%CuNi-Cr coatings have partially melted TiC particles in them, which are accom-
panied by completely melted CuNi-Cr particles. When these coatings are sprayed over the
substrate, the non-melted portion of TiC particles, that is, the TiC core, is held firmly in the
deposited splat due to the presence of molten binders in it. Therefore, an upcoming splat is
formed over the previously deposited splat with partially melted TiC particles, which further
results in the creation of pores above said coatings. These micropores at the interface can
easily be located in Figure 13.4. Further, coating thickness is attributed to the number of
pores in it. It may be apprehended as the more the percentage porosity in coatings, the higher
the value of average coating thickness.

Moreover, porosity in deposited coatings also contributes to some value of roughness over the
surface. TiC + 25%CuNi-Cr coatings are found to have an average surface roughness of 3.792
pm corresponding to a porosity percentage of 1.17 (refer to Tables 13.3 and 13.4). It can be
apprehended as porosity leads to non-uniformity in the deposition of splats. This non-uniformity
continues up to the top layer of coatings, resulting in surface irregularities. Therefore, a greater
number of pores will end up with a coating surface having a high value of surface roughness.

13.3.2 Cavitation erosion analysis

Figures 13.5 and 13.6 represent the cavitation erosion behavior of coated and uncoated spec-
imens. Weight loss during the cavitation erosion test corresponding to three level values of
jet velocity and stand-off distance is shown in Figure 13.4 on keeping the impingement angle
of the jet at 90° with the surface.

It can be clearly seen that the percentage loss in weight is excessively high in uncoated
SS316 steel specimens under all considered parameters. The viable reason behind this
behavior of SS316 steel is its poor mechanical properties with respect to CE. Being too soft
and ductile, SS316 specimens undergo plastic deformations when battered by induced shock
waves. These plastic deformations also expunge the surface material at the highest possible
rates and cause maximum deterioration.

Mass loss due to cavitation is found to be very less in TiC + (25 wt.%) CuNi-Cr coated
specimens. Enhanced surface properties of coated specimens are the obvious reason behind
this. TiC in these coatings bestows the surface with a substantial amount of hardness which
resists surface erosion due to flowing water bubbles and high-velocity jet. Further, CuNi, a



Effect of HVOF sprayed TiC+25%CuNi-Cr coatings 205

16

4 SS316
12 @ TiC + (25 wt%) CuNi-Cr

Mass Loss (10° gm)
0

Stand-off distance (cm)

Figure 13.5 Mass loss in coated and uncoated specimens corresponding to all three levels of jet veloc-
ity and stand-off distance.

soft alloy, adds up the elastic modulus attribute in the overall coated surface, increasing its
stiffness. More the stiffness, more the resistance for shock waves/cyclic stresses. Cr, in addi-
tion, enhances the corrosion resistance of the specimen’s surface.

Moreover, it is quite conspicuous from the figure that an increase in jet velocity increases
the mass loss of specimens for all values of stand-off distance. Maximum mass loss is
observed corresponding to the highest considered jet velocity of 40 m/s. The reason behind
this might be that with the increase in jet velocity, the pressure loss in flowing fluid is also
increased. Higher the velocity of the jet, more the hindrance in the flow of water, and there-
fore, higher will be the pressure loss. It proliferates the formation of bubbles which later
undermine the surface.

Further, mass loss is found to be maximum corresponding to 8 cm of stand-off distance
and minimum corresponding to 12 cm of stand-off distance for all values of jet velocity. The
influence of stand-off distance on mass loss can be apprehended as at low stand-off distance
value (say 4 cm), generated bubbles could not persist themselves on the surface of specimens
due to inertia and hence, cause less erosion due to cavitation. Moreover, at moderate stand-
off distance (say 8 cm), generated bubbles find enough time to stabilize and target the surface
of specimens. Surface, after getting approached, is undermined by bursting of water bubbles.
Therefore, the highest mass loss is observed at 8 cm of stand-off distance.

Further increase in stand-off distance (say 12 cm), as shown in Figure 13.5, ends up with
the least material removal during cavitation erosion tests. Possible reason could be that the
increase in travel distance beyond 8 cm lessens the number of bubbles reaching the target
surface per unit time. Most of the generated bubbles burst amid their travel far from target
surface. Shock waves thus produced have less impact over the surface of specimens causing
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Figure 13.6 Cumulative volume loss of specimens at critical process parameters during cavitation
erosion tests.

less cavitation erosion and, therefore, improves the sustainability of the component. Further,
it can be deduced that the highest value of jet velocity (40 m/s in the present work) and
moderate value of stand-off distance (8 cm in this case) among all three considered levels
cause maximum undermining of the surfaces and is considered as a critical combination of
parameters for the sustainability of component under consideration.

Furthermore, Figure 13.6 represents a cumulative volumetric loss of material in speci-
mens during CER tests. With reference to prior discussions, it can be concluded that mate-
rial loss is very high in SS316 steel specimens when compared to that in coated specimens.
Moreover, the rate of material removal also increases with the passage of time during CE
tests. There occurs an increase in surface area in the form of generating pits. Therefore, the
upcoming bubbles have more surface to erode and hence cause an increased rate of material
removal. The same is elucidated in the graph of Figure 13.6.

13.3.3 Cavitation erosion analysis of steel and TiC+25%CuNi-Cr
coated surface

SEM images help decipher the pattern of surface damages and the possible reasons behind
them. Therefore, an analysis of undermined surface is discussed here in order to apprehend
the behavior of cavitation erosion.

13.3.3.1 SS316 steel specimen

Cavitation erosion over the surface of substrate SS316 under different values of con-
sidered factors is shown in Figure 13.7 (a) and (b). With reference to Figure 13.7 (a),
micropores and pits can be seen on the surface, along with some large overlapped cavities
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Figure 13.7 SEM images of SS316 steel specimens after cavitation erosion tests conducted for
10 hours: (a) eroded surface under critical process parameters and (b) magnified image
of a crater.

corresponding to critical process parameters. The evidence of plastic deformation of soft
SS316 steel specimens is also depicted in Figure 13.7 (a) and (b). A large-sized crater is
found over the surface and is elucidated in Figure 13.7 (b). Being too soft, and having the
least micro hardness of 155 HV, SS316 specimens prominently erode by the mechanism of
plastic deformation. Bursting of bubbles impose high-intensity pressure impact over con-
fined area of specimen, which, in turn, pushes the plastically deformed material out of the
impacted zone and cause weight loss. Micro pores and small pits, as shown in Figure 13.6
(a), must be the result of collapsing of small-sized water bubbles close to the surface. The
magnified SEM image of the enclosed surface is shown in Figure 13.7 (b), which explains
the developed crater in detail.

13.3.3.2 TiC+25%CuNi-Cr coated surface

As discussed earlier, coated specimens are found to have very less weight loss in CE experi-
ments when compared with that of uncoated SS316 steel specimens. Desirable mechanical
properties of above-mentioned coatings are said to be the reasons for that. Figure 13.8 (a)
and (c) show the eroded surfaces of two SS316 steel specimens, which are coated with TiC +
25%CuNi-Cr coatings and are tested for above said critical combination of parameters.
Enclosed areas in Figure 13.8 (a) and (c) are depicted as high-magnification SEM images in
Figure 13.8 (b) and (d). With reference to above-said figures, number of observations can be
made. Cracks can be depicted at carbide-binders interface. Expunged material is also located
on the surface (with reference to Figure 13.8 (a)), which might have accumulated as a recast
during CER tests. Plastic flow of binders over the surface can also be seen in Figure 13. 8 (b)
and (c¢). Normal impingement of bubbles (90°) and their bursting close to the surface create
deep cavities on it, which are enclosed in Figure 13.8 (a) and (c) and are elucidated in details
in adjacent figures.

Plastic flow of the material can easily be observed close to the crater. It verifies the exis-
tence of one of the mechanisms of material removal, which is plastic deformation here.
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Figure 13.8 SEM images of TiC + 25%CuNi-Cr coated two SS316 steel specimens after cavitation
erosion tests conducted for |0 hours of duration: (a and c) eroded surface under critical
process parameters, and (b and d) magnified image of an enclosed surface.

High-frequency pressure waves generated due to bursting of bubbles soften the surface and
develop a recast which can be located as softened zone in Figure 13.7 (d). Small cracks are
also located on the TiC particle interface with deposited splats. Possible reason is the brittle
failure of particular TiC particles due to impact caused by shock waves. Carbide-binders
interface is comparatively weak in strength and therefore leads to crack initiation when bat-
tered by high-intensity shock waves. Incubated cracks then become stress-concentrated areas.
These cracks are propagated with continuous bursting of bubbles. Therefore, mix mode of
failure, that is, ductile and brittle can be observed in above-coated specimens. The same can
be observed in above-mentioned SEM images of two specimens having the same coatings.

13.4 Conclusions

SS316 steel specimens were coated with TiC + 25%CuNi-Cr by employing the HVOF pro-
cess of coating with an ambition to increase the resistance of steel specimens against cavita-
tion erosion and to get more sustainable hydromachinery components. Cavitation erosion
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tests were conducted on coated and uncoated specimens for nine different combinations of
parameters and for 10 hours.

Average coating thicknesses of 214.33 um and percentage porosity of 1.17 were
obtained corresponding to the above-mentioned coatings. Maximum erosion of speci-
mens was observed, corresponding to jet velocity of 40 m/s and stand-off distance of §
cm. Formation of large bubbles cloud corresponding to above-stated parameters is the
possible reason behind this.

Coated specimens were reported to have less cavitation erosion. Adequate microhard-
ness and stiffness bestowed by above-mentioned coatings might have provided the sur-
face with maximum resistance to cavitation erosion.

Small pits, micropores, and deep overlapped cavities were observed over the surfaces
after cavitation erosion tests. Sites were also located where material has segregated from
the surface.

Mix mode of failure, that is, plastic deformation and brittle fracture was observed in
case of TiC+25%CuNi-Cr coated specimens. Stress concentration at carbide-binders
interface caused the formation of cracks. Further shock waves propagated the cracks
along grain boundaries and caused the separation of TiC particles.
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14.1 Introduction

Microporous crystalline silicoaluminophosphate materials have been trademarked by Lok
et al., which are abbreviated as SAPO-n, where n denotes the structural class [1]. To cir-
cumvent the pore size constraint of zeolites, mesoporosity generation in microporous (250
nm) and/or macropore (>50 nm) has raised the interest of researchers [2]. Comprehensive
research on the functionality of SAPO materials in numerous heterogeneous catalysis has
been undertaken over the past decades. These types of materials are particularly promising
due to their excellent selectivity towards required outcomes and their prolonged catalytic
longevity [3—5]. Various attempts have been made, including the synthesis of nano-sized
zeolites [6], zeolitically-ordered mesoporous materials [7], zeolites with secondary poros-
ity [8], desilication [9], nanozeolies created in limited space [10], and delaminated zeolites
[11]. As a consequence, material adaptation to improve productivity and selectivity is still
a challenging task in the modern catalytic investigation. As a matter of fact, overcoming
this inherent problem is critical for improving catalytic activity. Up to this point, two key
techniques have been identified as viable options. Both top-down [12, 13] and bottom-up
[14, 15] methods were used to produce a hierarchical micro-porous CHA framework with
extra mesoporosity. To remove framework elements while retaining crystal structure, top-
down approaches often entail post-synthesis treatments such as demetallation under acid
or basic conditions [16]. Zeolitic mesoporous silicoaluminophosphate materials with CHA
type structure, showed exciting results as heterogeneous (acid) catalysts [17] and have
been employed in the production of phenoxy propanol. Xiaoxin Chen et al. reported a
top-down strategy for hierarchical CHA zeolites with secondary pores produced via etch-
ing with HF-NH_F solutions to achieve better olefin selectivity [18]. In one recent study,
microporous SAPO was used as a precursor to creating hierarchically SAPO materials,
which were found to be very active for vapour phase isomerization of 1-octene [19].

In light of global industrial acceleration, coupled with decreasing global petroleum
supplies and intensified global warming, the demand for alternative energy options has
surged [31]. Alternative fuels for internal combustion engines have received a lot of inter-
est, and transesterification reaction has created a lot of attention in recent years to synthe-
size alkyl esters with shorter chain alcohols for biodiesel fuels and value-added products
[20-22]. Because their composition is similar to that of fossil fuels, triglycerides that
are made using plant and animal fats can be envisaged as a potential resource for biofuel
production [23, 24]. Biodiesel is a sustainable, nearly infinite alternative to fossil energy
that reduces CO, emissions. It is a triglyceride-based fuel that could eventually replace
petroleum. SAPO-34 is a great option as a catalyst for esterification reactions, produc-
ing biofuel because of its acidic properties and porous and flexible structure with a high
specific surface area [25, 26]. Silicalite-1 impregnated with transition metals exhibited
higher activity in organic transformations such as oxidation, epoxide conversion, oxida-
tion of C-H bonds, and ketone ammoximation [27, 28]. Elyssa G. Fawaz et al. used hier-
archical crystals with short diffusion paths, traditional microcrystals, and nanostructures
of ZSM-5 zeolites to create biofuel from discarded oils [29]. Mesopores to decrease steric
resistance, increased acid intensity and density, and thermal and hydrothermal robust-
ness to reduce toxicity and leaching in the transesterification process are some of the
key characteristics required for an effective heterogeneous catalyst for this purpose [30].
Typically, post-synthetic alkali modification is documented over zeolites, such as H-Y,
ZSM-5, ZSM-48, and H-Beta. The enhanced catalytic behavior of these materials was
observed due to hierarchical structures resulting from alkali treatment [37-39]. However,
the post-synthetic modification over microporous material via acid/alkali treatments is
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not much explored, specifically for the catalytic application in transesterification of triac-
etin and epoxide ring opening reactions.

Lewis acidic materials are powerful active substances able to perform a wide range of
essential activities in precise chemical synthesis, such as the opening of epoxide rings with
alcohols [32]. Functionalized molecules are frequently used in ring-opening reactions of
cyclic substrates. Epoxide ring opening is a key organic reaction that produces a vari-
ety of bifunctional products depending on the nucleophiles used, and numerous synthetic
techniques have been documented in this area [33]. Many studies have been published
on modified zeolites using various alkali treatments and subsequent catalytic applications
of these materials. Desilication in the framework structure resulting from alkali treatment
results in the development of mesoporosity [34—36]. In addition, employing acid and basic
treatments, numerous ways to synthesize extremely efficient hierarchical zeolites have
been reported [40—42]. In order to retain the structural intactness, especially for post-syn-
thetic modification of SAPO materials, researchers have mostly focused on the removal of
precursor and surface modification by incorporation of organic/inorganic functionalities.
One study on hierarchical SAPO-11 was reported by Verboekend et al. in which various
acid-base treatments were performed, and structure-property-activity relation was thor-
oughly investigated. They concluded the significant role of hierarchical SAPO material as
a catalyst for toluene alkylation with benzyl alcohol [43]. Another report is available on
acid-treated SAPO-5, focusing on the thermal stability after modification [44]. The con-
ventional synthetic technique of heating epoxides with a substantial excess amine at high
temperatures is less effective with weakly nucleophilic amines. Moreover, conventional
strategies of amino alcohol synthesis needed activation of epoxides to boost their sensitiv-
ity to nucleophilic attack with amines due to the lack of regioselectivity, necessity for high
temperatures, and excess of amine [45—46]. Aminolysis of epoxide is an efficient way to get
amino alcohols that are beneficial intermediate towards synthesizing several biologically
valuable substances and pesticides [47—49].

Sparked by the excellent activity of hierarchical zeolite materials via post-synthetic acid
and alkali treatment, the present study focuses on the synthesis of various acid as well as
alkali-treated silicoaluminophosphate materials to enhance their catalytic potential for sus-
tainable, industrially significant reactions, such as “ring opening reaction of epoxide” and
“transesterification process.” To our knowledge, no detailed investigation of the catalytic
usage of microporous materials that have been treated with acid and alkali in the epoxide
reaction and transesterification reactions is available. Several physiochemical techniques
were used to characterize the produced materials. To obtain significant conversion, both
meso/micro materials have been employed in the propylene oxide ring opening reaction with
nitrogen containing nucleophile and transesterification reaction of triacetin under optimal
conditions by varying the amount of catalyst, process temperature, and time.

14.2 Experiments

14.2.1 Hydrothermal synthesis of SAPO-34

The inorganic precursors aluminum isopropoxide (SDFCL, 97%), H,PO, acid (85 wt.%
solution, Merck), and colloidal silica (Ludox 40 wt.%, Sigma-Aldrich) are employed in
the synthesis of SAPO-34. TEAOH (tetracthyl ammonium hydroxide) was used as an SDA
for the SAPO-34 material, which was formed through a literature-based synthesis proce-
dure [50] with a composition of 0.65i0,:40H,0:1.0A1,0,:1.0SDA:1.0P,O.. The as-prepared
material was calcined at 550°C.
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14.2.2 Hydrothermal synthesis of SAPO-5

SAPO-5 was prepared using similar composition 0.6S5i0,:40H,0:1.0A1,0,:1.0SDA:1.0P,0,
like SAPO-34 but TEA (Triethylamine, Sigma Aldrich, 40%) was used as SDA [50].

14.2.3 Treatment with acid and alkali

14.2.3.1 Acid treatment

Post-synthetic treatment is a demetallizing procedure that often entails chemically delib-
erately removing a framework cation, resulting in a change in the zeolite framework
compositions and acidity. SAPO-34 zeolites are difficult to tailor using typical acid and
base leaching because their frameworks are often less stable than those of aluminosilicate
zeolites. Acid etching was used to prepare mesoporous materials. Calcined SAPO materi-
als were combined with a diluted nitric acid solution during the process [3]. Pure SAPO
materials were stirred at 90°C, for four hours, with an appropriate amount of diluted
nitric acidic. Filtration separated the SAPO materials, which were then rinsed with water
with caution and dried overnight at 60°C. In another process, diluted hydrochloric acid
solution was utilized to alter SAPO-34 and SAPO-5. At 100°C, the materials were stirred
for 2 hours with a 0.6 mol/L diluted HCI acid solution. After that, the materials were
sonicated for 10 minutes with a 0.05 mol/L diluted HCI solution. The modified mate-
rial was filtered, rinsed with Milli Q water, dried at ambient temperature, and then dried
overnight at 60°C.

14.2.3.2 Alkali treatment

SAPOs were treated with NaOH solution (Finar, 97%) and TPAOH (tetra propyl ammo-
nium hydroxide, Sigma Aldrich) during alkali treatment [53]. A typical procedure
involved stirring the SAPO materials with the appropriate volume of NaOH and TPAOH
solution at 70°C two separate times. Finally, the product was filtered, rinsed using dis-
tilled water, and dried at 100°C. The acid and alkali treatment circumstances are sum-
marized in Table 14.1, where acid treatment is denoted as A and alkali (base) treatment
is denoted as B.

Table 14.1 Post-Synthetic Acid-Base Treatment Conditions

Sample  Treatment Reagent Concentration (M) Time (h) Temperature (°C) Sample name
SAPO-5 Al HNO, 05M 4 90 SAPO-5-Al
SAPO-5 A2 HCI 0.6 M 2 100 SAPO-5-A2
SAPO-34 Al HNO, 05M 4 90 SAPO-34-Al
SAPO-34 A2 HCI 0.6 M 2 100 SAPO-34-A2
SAPO-5 Bl NaOH +TPAOH 0.I M+ I M 5 70 SAPO-5-BI
SAPO-5 B2 NaOH +TPAOH 0.IM+ 1M 8 70 SAPO-5-B2
SAPO-34 BI NaOH +TPAOH 0.I M+ 1M 5 70 SAPO-34-BI
SAPO-34 B2 NaOH +TPAOH 0.IM+ 1M 8 70 SAPO-34-B2
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14.2.4 Catalytic activity

14.2.4.1 Epoxide ring opening reaction

All catalytic activity tests were conducted in a solvent-free reaction. Without solvent, in a
round bottom flask, a propylene oxide-ring opening reaction with morpholine was performed
with modified SAPO materials as a catalyst. The appropriate quantity of catalyst was used
in the reaction (activated at 80—100°C) with propylene oxide and morpholine at different
temperatures for different time periods. After the completion of the reaction, a syringe filter
was used to separate the catalyst from the liquid product. The liquid product was analyzed
using GC (Thermo Fisher Trace-1310, TG 5 column). Several reactions were performed in
an attempt to improve the reaction conditions in order to maximize conversion and -amino
alcohol production.

14.2.4.2 Transesterification reaction

All these catalysts were sorely tested in the transesterification of triacetin using excess meth-
anol. Prior to the procedure, the microporous materials were activated after being modified
for 1 hour at 80—100°C. Triacetin (Finar, 99%) and excess of methanol (Rankem, 99.8%)
were mixed and agitated for a while to reach the reaction temperature (methanol: triacetin
molar ratio of 1:16). After that, an appropriate amount of catalyst has been added for at 68°C
for 6 hours. Later following the procedure’s completion, the catalyst was filtered entirely out
of the reaction mixture. A Shimadzu GC-2025 as well as gas chromatography fitted with a
flame ionization detector, were used to determine triacetin conversion and methyl acetate
yield for each reaction.

14.3 Characterizations

Powder XRD (Ultima-IV, Rigaku) using Cu K radiation at 20 mA and 40 kV was used to
analyze the crystal nature as well as the purity of the produced material. The microporous
phase’s patterns were produced in the 20 range of 5-50°, with step size and speed of 0.01°
and 1° per minute, respectively. Small angle X-ray diffraction patterns were also performed
on modified microporous materials between 26 range of 0.5° and 10°. For the analysis
of the morphology, Zeiss Ultra 55 FE-SEM microscope was used. Sorption analysis was
performed on materials using a Micromeritics-3 flex 3500 apparatus. Inductively coupled
plasma optical emission spectroscopy (ICP-OES, Thermo iCAP 7000) was used to deter-
mine the elemental composition. Thermogravimetric analysis (TGA) was performed using
a Hitachi machine. The material was heated at 10°C/min rate between room temperature to
800°C in a dry air flow of 30 ml/min.

14.4 Results and discussion

Figure 14.1 illustrates the XRD studies of SAPO-34 and SAPO-5 zeolites in their as-made,
calcined, and acid, as well as alkali-treated forms. The X-ray patterns demonstrated all char-
acteristic SAPOs peaks. No impurities prior or post modification processes were found.
Since no impurities or amorphous phases were found, it was concluded that the phase purity
of SAPO-34 and SAPO-5 crystals had been successfully maintained after post-synthetic
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Figure 14.2 XRD (low angle) of (A) acid-treated and (B) alkali-treated: (a) SAPO-34 and (b) SAPO-5.

treatment with acid and alkali. Following the acidic procedure, the diffraction peaks’ fre-
quency reduced, indicating a lower relative crystallinity. The phase purity remained sus-
tained even after alkali treatment with a drop in diffraction peak, as seen by XRD data of
SAPO-5 material. Although substantially crystallized SAPO-34 materials were produced,
after alkali processing, the crystallinity of the materials was diminished, with simply two
prominent peaks detected for SAPO-34 alkali-treated material.

Low-angle XRD was used to examine microporous materials that have been acid and
alkali treated, as shown in Figure 14.2. Small angle (26 of 0.5°-10°) XRD was also con-
ducted for HNO, and HCI materials. A strong peak at 3.07° 20 is detected for acid-treated
SAPO-34 and SAPO-5 materials usual of the mesoporous phase [17]. The appearance of two
prominent peaks at 1.77° 26 and 7.49° 20 in alkali-treated materials suggests the creation of
pure lamellar phase in alkali-treated material [19]. These findings explain that the material
was significantly altered and that the framework structure of SAPO-5 was not affected by the
additional porosity (AFI) phase; however, after treatment in SAPO-34, a single mesoporous
peak was identified.

Figure 14.3 shows SEM results of pure, acid, and alkali-treated microporous materials.
The result displays how both materials’ morphology altered as a result of the treatment.
SAPO-34 had an irregular cubic morphology when synthesized using static hydrothermal
treatments. The cubic shape of SAPO-34 after acid treatment demonstrates that after modifi-
cation, the SAPO-34’s shape and size remained relatively unaltered. The SAPO-5 materials’
SEM image shows hexagonal sheet-like plates with a length of 300 nm. Crystals may have
agglomerated as an outcome of the establishment of mesoporosity within SAPO-5 with a
reduction in crystallite size.

The sorption analysis result and Si/Al ratio of calcined, alkali, and acid-treated SAPO
molecular sieves are shown in Table 14.2 and Figure 14.4. Pore diameter and volume rose
substantially due to the development of mesoporosity in microporous structures. SAPO-5
showed a pore volume of 0.11 cm®/g, but it rose to 0.20 cm?/g for SAPO-5-A1 and 0.19 cm®/g
for SAPO-5-A2 after alteration. For SAPO-34, it was changed from 0.12 cm?/g to 0.16 cm®/g
for SAPO-34-A1 and 0.62 cm’/g for SAPO-34-A2. Following treatment with alkali, it



Figure 14.3 SEM image of (A) untreated SAPO-34, (B) untreated SAPO-5, (C) acid-treated SAPO-34,
(D) acid-treated SAPO-5, (E) alkali-treated SAPO-34, and (F) alkali-treated SAPO-5.
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Figure 14.4 N, adsorption/desorption isotherm of (a) acid-treated SAPO-34, (b) acid-treated SAPO-5,
(c) alkali-treated SAPO-34, and (d) alkali-treated SAPO-5.
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Table 14.2 Characteristic properties derived from N, sorption analysis.

Catalyst Pore volume (cm?/g)l! Pore diameter (A)° Si/Al ratio®
Total Micro Meso

SAPO-34 0.12 — — 97 0.51
SAPO-34-Al 0.16 0.11 0.05 126 0.116
SAPO-34-A2 0.62 0.03 0.59 166 0.143
SAPO-34-B| 0.47 0.002 0.47 109 0.147
SAPO-5 0.11 — — 109 0.187
SAPO-5-Al 0.20 0.03 0.17 186 0.047
SAPO-5-A2 0.19 0.07 0.12 240 0.059
SAPO-5-BI 0.27 0.004 0.263 128 0.054

‘BJH method, ®* ICP-OES analysis.
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Figure 14.5 TG analysis of SAPO-34-Al, SAPO-5-Al, SAPO-34-Bl, and SAPO-5-BI.

improves significantly to 0.47 cm’/g for SAPO-34-B1 following alterations and 0.27 cm®/g
for SAPO-5-B1.

Figure 14.5 shows the results of the thermogravimetric (TG) analyses. Only a single-stage
weight loss is visible in the TG analysis of modifying materials SAPO-34-A1 and SAPO-
5-A2 (presented in Figure 14.5 (a) and (b)), indicating that water molecules are removed
below 200°C. No further weight loss was observed because the treated material was calcined
at 480°C. Since as-made material was employed for post-synthetic treatment, TG examina-
tion of SAPO-34-B1 and SAPO-5-B1 materials indicates a total weight loss of three stages.
The loss of physisorbed water molecules causes the initial loss of weight below 200°C. The
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second weight loss may be caused by the breakdown of some parts of SDAs in SAPO mate-
rials at temperatures between 200°C and 400°C. Finally, at 400°C, the weight loss due to the
exclusion of SDA and TPAOH was observed.

14.5 Catalytic activity test

14.5.1 Performance of multiple catalysts

The produced hierarchical materials were tested in the reaction of morpholine with propyl-
ene oxide and transesterification of triacetin with methanol. A literature survey was done with
various catalysts on transesterification and ring-opening reaction of epoxide, which is given in
Table 14.3. Figure 14.6 depicts the procedure system utilized in the current research to test the
improvement of the activity of SAPOs after being treated with different acids. This study illus-
trates that with the increase of catalyst amount, significant enhancement of reactant conversion
was observed in the reaction process. The importance of an epoxide ring opening process was
demonstrated by analyzing the catalytic results of acid-treated materials to those of pure SAPO
but also the blank process. Using 40 mg of pure SAPO-34 and SAPO-5, the procedure was
conducted at 80°C for 6 hours, providing approximately 17% and 15% conversion, respec-
tively. This reaction was also conducted under identical reaction conditions without using any
catalyst, and only 7% conversion was achieved. The conversion rate increased by orders of
magnitude when the reaction was carried out using modified (alkali/acid treated) microporous
materials. SAPO-34-A1 and SAPO-5-A1 had morpholine conversion rates of 90% and 82%,
respectively, whereas SAPO-34-A2 and SAPO-5-A2 had morpholine conversion rates of 92%
and 82%, respectively. The conversion was recorded at 74% as well as 82%, respectively,
when a similar procedure was carried out on materials that had been treated with alkali.
Figure 14.7 shows the results of the synthesized catalysts in the triacetin transesterification
with methanol and the conversion of triacetin transesterification to methyl acetate using several
catalysts. Because this process is controlled by equilibrium, a greater ratio of methanol/triace-
tin was employed to move the equilibrium to the right, resulting in improved yield and conver-
sion. SAPO-5-B1 material produced 91% triacetin conversion and 69% methyl acetate yield,
while for SAPO-5-B2 57% and 30% conversion and yield were obtained, respectively. SAPO-
34-B1 showed 67% conversion with 38% methyl acetate yield, whereas using SAPO-34-B2,
46% conversion and 28% yield was observed. Without using any catalyst as well as using
unmodified SAPOs, the same reaction was performed; no significant activity was observed,
reflected in Figure 14.7, proving the importance of the designed catalyst in biodiesel produc-
tion. SAPO-5 showed only 2% and SAPO-34 1% for blank reaction. From the above catalytic
data, it is clearly visible that prepared materials are active in the transesterification reaction.
In light of the positive experimental results, probable mechanism pathways comprising
morpholine and epoxide materials are examined. Scheme 1 [A] depicts a mechanism for S 2
category epoxide activation through the nucleophilic nitrogen-containing attacking group in
morpholine. In S 2 approach, the reaction proceeds by involving a transition state by the for-
mation of a carbocation. The reaction of propylene oxide with a treated SAPO catalyst typi-
cally triggers the production of 1-morpholinopropan-2-ol product through the S 2 pathway.
The activation of alcohol as a nucleophilic reactant is required in many processes. For
example, the transesterification reaction necessarily involves the deprotonation of alco-
hol, like methanol, which produces methoxy species and surface OH, the latter of which is
assumed to be important for the nucleophilic impact on the carbonyl group on esters.
The mechanism, as shown in Scheme 1 [B], In a three-stage process, 1:3 molar ratio of
triacetin and methanol is used to generate 3:1 mole of linear ester and glycerol.



Table 14.3 Literature Survey on “Epoxide Ring Opening Reaction” and “Transesterification of Triglycerides”

Reaction Reactants Catalyst Time Temperature Conversion Selectivity

Transesterification Triacetin, methanol MCM-48-SO,H 18 h 70°C 94% 45% [21]
Transesterification Triacetin, methanol MCM-48-NH, 4.5h 65°C 78% 52% [23]
Transesterification Sunflower oil, methanol Na/SBA-15 4h 65°C 99% - [25]
Transesterification Triacetin, methanol KS-3 I'h 65°C 94% 98.2% [27]
Transesterification Waste frying oils, methanol HZSM-5 nanosheets 4h 180°C - 48.29% [29]
Transesterification Shea butter, methanol Sulfated 3h 200°C - 96.89% [30]

FAU

Transesterification Soybean oil, ethanol Hierarchical BCL-ZIF-8 12 h 40°C 93.4% - [31]
Epoxide ring opening |,2-epoxyoctan, ethanol (Nano-Sn-f-zeolite) 24 h 60°C 99% 57% [33]
Epoxide ring opening Styrene oxide, morpholine H-Mont.-3 2h 25°C 98% 100% [45]
Epoxide ring opening Styrene oxide, aniline Meso-Zr-Beta 05h 35°C 80.7% 94.7% [46]
Epoxide ring opening Epichlorohydrin, aniline Pb-Beta zeolite 05h 40°C 81.8% 94.3% [48]
Epoxide ring opening Styrene oxide, aniline Ti-SBA-16 6h 35°C 96% 95.1% [49]
Epoxide ring opening Propylene oxide, phenol SAPO-5-N 12 h 120°C 95% 100% [51]
Epoxide ring opening Propylene oxide, aniline NaMCM-22 6h 35°C 93% 83% [52]
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Figure 14.6 Morpholine conversion of blank, calcined SAPO-34, calcined SAPO-5, HNO,-treated
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Using a characterized HNO,-treated silicoaluminophosphates sample, the synthesis of
I-morpholinopropane-2-ol (P1) and 2-morpholinopropane-1-ol (P2) was studied for differ-
ent reaction times at various temperatures, and the methyl acetate yield was analyzed for
6 hours using SAPOs that treated with alkali. Table 14.4 summarizes the outcomes of the
reactions obtained under various experimental conditions.

Table 14.5 depicts the acid concentration of SAPO-34-A1 and SAPO-5-Al. Using the
NH,-TPD method, the acidic concentration of SAPO-34-A1 was estimated as 0.633 mmol/g

Table 14.4 Catalytic Result of Reaction Between Propylene Oxide With Morpholine and Transesteri-
fication of Triacetin

Catalyst Reaction Reaction time  Catalyst Conversion  Selectivity (%)
(hours) amount (mg) (%) Pl P2

SAPO-34-Al  Epoxide ring opening 6 20 72 98.2
SAPO-5- Al Epoxide ring opening 6 20 77 97.3
SAPO-34-Al  Epoxide ring opening 6 30 78 99.1
SAPO-5-Al Epoxide ring opening 6 30 78 98.2
SAPO-34-Al  Epoxide ring opening 6 40 90 98.2
SAPO-5-Al Epoxide ring opening 6 40 82 98.2
SAPO-34-Al  Epoxide ring opening 8 40 92 98.2
SAPO-5-Al Epoxide ring opening 8 40 84 98.2
SAPO-34-Al  Epoxide ring opening 10 40 9l 98.2
SAPO-5-Al Epoxide ring opening 10 40 84 98.2
SAPO-34-Al  Epoxide ring opening 12 40 91 98.2
SAPO-5-Al Epoxide ring opening 12 40 87 98.2
SAPO-34-BlI Transesterification 6 200 21 -
SAPO-5-BI Transesterification 6 200 44 -
SAPO-34-BI Transesterification 6 300 48 -
SAPO-5-BI Transesterification 6 300 58 -
SAPO-34-BI Transesterification 6 500 68 -
SAPO-5-BI Transesterification 6 500 90 -
SAPO-34-Bl  Transesterification 2 500 16 -
SAPO-5-BI Transesterification 2 500 28 -
SAPO-34-Bl  Transesterification 4 500 53 -
SAPO-5-BI Transesterification 4 500 70 -

Table 14.5 Acidic and Basic Properties of Different Catalysts

Catalyst Acidity (mmol/g)° Basicity (mmollg)®
SAPO-34-Al 0.633 -

SAPO-5- A2 0.289 -

SAPO-34-BI - 1.27

SAPO-5-BI - 1.08

a By NH,-TPD

b By titration
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and 0.289 mmol/g for SAPO-5-A1. Using the titration method, the basicity of the treated
materials was also calculated, and the basicity of SAPO-34-B1 was found to be 1.27 mmol/g
and 1.08 mmol/g for SAPO-5-B1, respectively.

14.5.2 Recyclability of the catalyst

The results of a recycling test of treated silicoaluminophosphate materials under opti-
mized reaction conditions are shown in Figure 14.8. After each cycle, the catalyst was
filtered, rinsed with an ethanol system, then dried before the next cycle. SAPO-5-A1
showed 82% conversion in the recyclability test, with 79% conversion observed in the
last cycle. Thus, the SAPO-5-A1 catalyst was proved to be efficient till the last round,
without substantial alteration in conversion. The catalytic activity was also retained fol-
lowing the last recycle round. The SAPO-34-A1 catalyst, on the other hand, converted
90% during the initial stage and 88% during the last cycle. As a result, SAPO-34-A1 was
shown to be highly productive through till fourth round without substantial variations
in conversion as well as catalytic activity persisted during the last cycle, resulting in an
88% conversion.

Morpholine conversion did not change noticeably, and catalytic activity was retained fol-
lowing the last recycle round, showing 71% and 85% reactant conversion using modified
SAPO-5-A2 and SAPO-34-A2, respectively. A slight reduction in conversion throughout
successive runs might be due to catalyst degradation, which is thought to be caused by the
product or reactant deposit within the pore size.

The first cycle of the recyclability test of triacetin transesterification with methanol over
alkali-treated SAPOs shows a 90% conversion rate, which declines to 75% in the second
cycle. The third cycle had a conversion rate of 65%, and the fourth cycle had a conversion
rate of 40%. As a result, SAPO-5-B1 was shown to be highly productive through the 3rd run,
after it caused a 40% decrease in triacetin conversion, possibly due to by-product or reactant
deposit within the pore size.

H SAPO-34-A1 mSAPO-5-A1 = SAPO-34-A2 SAPO-5-A2

100
90 H
80
70 -
60 -
50 -
40 -
30 A
20 A
10
0 -

Conversion

1st Cycle 2nd Cycle 3rd Cycle 4th Cycle

Figure 14.8 Reusability of HNO,-/HCl-treated SAPOs.
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Figure 14.9 (A) Powder XRD patterns of (a) pure SAPO-34, (b) spent SAPO-34, (c) pure SAPO-5,and
(d) spent treated SAPO-5 for epoxide ring opening reaction. (B) Powder XRD patterns of
(a) pure SAPO-5 and (b) spent treated SAPO-5-BI for transesterification reaction

Figure 14.9 shows the high angles of a spent catalyst’s XRD pattern. The hierarchical
microporous catalysts revealed negligible structure degradation in the XRD study. The
sharpness of the diffraction peaks decreased in Figure 14.9 (a), and the SAPO-5 phase did
not degrade structurally in the transesterification reaction (Figure 14.9 (b)). It is clear that the
modified hierarchical SAPOs appeared to be a potential catalyst, for this process of chemical
transformations.

14.6 Conclusion

In this work, post-synthetic treatment was used to synthesize SAPO-34 and SAPO-5 with
micro/meso porous structure. To demonstrate the development of additional mesoporosity,
P-XRD, scanning electron microscope, sorption analysis, and ICP-OES experiments were
employed. The ring opening process of epoxide was performed using the modified silicoalu-
minophosphates materials. SAPO-34 treated with acid was found to be an effective catalyst
with 90% conversion. Among all the catalysts that are treated with alkali solution, SAPO-
5-B1 was found to be a notable and environmentally friendly catalyst, resulting in conver-
sion and product output of 90% and 68%, respectively, and it worked very well until the
fourth run. Catalytic performances in the ring opening and transesterification reactions are
improved by surface modification via acid and alkali treatment.
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I15.1 Introduction

Nowadays, carpet waste is a severe environmental and economic concern due to its harm-
ful disposal effect and cost issues. Compared to the amount of carpet waste generated each
year globally, only a small portion of its recycled (Goswami 2009; Jain et al. 2012; Atakan,
Sezer, and Karakas 2018). Carpets are widely used throughout the world as floor covering
in homes, offices, commercial centers, and for decorative purposes (Mohammadhosseini
et al. 2018; Memon et al. 2015). Carpet waste recycling requires multiple processing steps,
making it difficult and expensive (Realff, Ammons, and Newton 1999). Considering carpet
waste as landfilling option becomes uneconomic due to its non-biodegradable nature and
high landfilling costs (Mohammadhosseini et al. 2017). It is a type of solid waste that is
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causing environmental issues. Thus, it becomes essential to find some solution to convert
such solid waste into a functional form in society and industry interest. The burning of this
fibrous waste releases high toxic fumes, resulting in danger to human health (Mishra, Das,
and Vaidyanathan 2019; Ghobakhloo and Fathi 2021). An important factor contributing to
global warming is waste disposal, which emits a wide range of greenhouse gases during
the waste’s life cycle. Landfills have traditionally been the most popular method of waste
disposal in solid form. The landfills and the waste burning process generates harmful gases
into the atmosphere, with methane emissions being the most dangerous of the gases released.
As a result, reducing harmful gas emissions is a significant contributor to climate change.

Consequently, it tries to determine new and innovative ways of utilizing waste as a resource.
It is difficult and costly to separate and reprocess carpets used as floor coverings. The multi-
layer composition of polymers and inorganic fillers is the primary reason. A small amount of
carpet waste may not seem like much, but the low bulk density of carpet waste takes up a lot of
space in the landfill. According to the carpet recycling UK report, approximately 400,000 tons
of carpets are disposed of each year (Sotayo, Green, and Turvey 2015b). However, landfilling
is becoming increasingly unfeasible due to rising landfill costs and environmental constraints
in the UK. Few studies show that it may be possible to use carpet waste to develop composite
materials as a source of raw materials. Recycling can be highly economical, inexpensive,
and environmentally friendly, depending on the manufacturing processes. The development
of structural composites from carpet waste is still in its early stages, with only a few studies
conducted so far. These advancements will sustain carpet waste and provide new materials
for the load-bearing application domain. In this way, carpet reprocessing has the potential to
have a significant and positive impact on environmental sustainability.

This chapter summarizes the carpet structure, source of carpets waste, types of carpet
waste, and techniques to waste management. In addition, the introduction of the carpet waste
polymer composite and the method to develop the carpet waste polymer composite are dis-
cussed. This chapter also focused on properties analysis and the application of composite
materials produced from carpet waste.

I5.1.1 Carpet structure

Face fiber, primary backing, adhesive, and secondary backing are the four layers of a typi-
cal carpet. Natural fibers such as wool make up the top layer, known as face fiber. The face
fiber yarns are attached to the primary backing via the layer into which they are looped. The
face fibers are held together by an elastomeric adhesive that is applied to the underside of
the primary backing and adheres to the primary backing. Styrene-butadiene rubber (SBR) is
typically used as an elastomeric adhesive and can be filled with inorganic materials. Simply
put, the secondary backing is the layer that is bonded to the underside of the carpet. Polypro-
pylene (PP), polyester, polyvinyl chloride (PVC), polyurethane (PU), or jute can be used for
both the primary and secondary backings. Using open loop and closed loop fiber stitching,
the carpet structure is shown in Figure 15.1.

15.1.2 Carpet waste sources

Carpet waste can be collected in two forms, depending on its source of origin. The pre-consumer
carpet waste is generated, such as trimmed carpet waste collected from manufacturing firms
or factories. These are collected from garbage piles or dustbins. Pre-consumer carpet waste
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Figure 15.1 Carpet structure (Sotayo, Green, and Turvey 2015b).

includes the trimmed scrap generated at the time of manufacturing or production of carpets per
customer needs and demands, such as in cinema halls, households, and educational or institu-
tional complexes (Jaiswal et al. 2021; T. Kumar, Mishra, and Verma 2020). To make a suitable
design according to the requirement, the carpet is trimmed out, and this trimmed part cannot
be utilized further in the same place. This generated waste is shrunken and irregular and cannot
be used further directly. About 10% of the total carpet waste is generated as scrap (Miraftab
2018;Y. Wang, Ucar, and Wang 2014). Postconsumer waste comprises carpet waste generated
after it becomes useless in households and commercial buildings (Sotayo, Green, and Turvey
2015b; Dhawan et al. 2019; Cline and Friddle 1992). The users directly throw these carpets
as waste. The carpet has an approximate area density of 2.3 kg/m?. Therefore, trimmings and
offcuts derived during the manufacturing process and configuration of carpets are included
in pre-consumer carpet waste; however, post-consumer carpet waste includes remnants from
waste streams at the end of their useful lives. In general, the normal carpet has an expected
lifespan of 5—11 years, depending on the material (Jain et al. 2012). Most used carpets contain
dirt, chemicals, and other materials that accumulate over time, making them 30% heavier than
new carpets. Most of the carpet is made of polypropylene and SBR, with a roughly constitu-
ent proportion of 55% (Sotayo, Green, and Turvey 2015a; Mihut et al. 2001; Sotayo, Green,
and Turvey 2018). The vast bulk of carpet waste is generated at home/office (after carpet use),
with only 6% generated in the manufacturing sector (during fabrication/fitting). Post-consumer
carpet waste is made up of 83% synthetic fibers (nylon, polypropylene, and mixed synthetics)
and the rest are natural (wool blends) (Valerio, Muthuraj, and Codou 2020). Properties like fire
retardants and stain-resistant chemicals can be found in used carpets from specialized sources
like aircraft. Carpet waste is more difficult to reuse or recycle because of the various impurities
in it. Figure 15.2 depicts a classification of the primary sources of carpet waste.

15.1.3 Technique for carpet waste management

Various carpet waste management processing options are available in manufacturing indus-
tries. Among the options are landfilling (a), incineration (b), prevention (c), carpet re-use (d),
and carpet recycling. In order to recover energy from carpet waste, the carpets are shredded
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Figure 15.3 Carpet waste management hierarchy chart (Zhang et al. 2022).

and used as fuel in place of coal in cement kilns or boilers. Among the carpet waste pro-
cessing options, energy recovery accounted for the highest percentage (58%) of the total
(Sotayo, Green, and Turvey 2015a; Yalcin-enis, Kucukali-ozturk, and Sezgin 2019). Carpet-
derived fuel (CDF) may be generated from all types of carpet waste, but there is a problem
associated with the generation of toxic ash waste and ash waste. Carpets have a high calcium
carbonate content (37%), which results in a large amount of ash waste (J. Wang and Mao
2012; Sotayo, Green, and Turvey 2015a). Due to the presence of heavy metals such as lead
and cadmium in the ash waste, it is sent to a landfill, where it may pollute groundwater and
soil, causing pollution. However, if carpet waste is used as a fuel source in kilns for cement
production, the ash waste generated can be used as a raw material for cement production.
Carpet waste management is depicted in Figure 15.3 as a hierarchy leading to Carpet
Recycling. The hierarchy demonstrates that the option of prevention is a preferable route.
Carpets can be made more environmentally friendly by reducing the amount of raw materi-
als used in the design and manufacturing process, and reducing the amount of waste and
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greenhouse gas emissions. In addition, prevention of discarded carpet landfilling, incinera-
tion, disposal damp yard, etc. can be achieved by increasing carpet waste prevention, reuse,
and recycling. From Figure 15.3, the prevention, re-use, recycling, energy from waste (via
incineration), and finally, landfill disposal is the most environmentally friendly carpet waste
management strategies. The use of carpet waste in the development of products with an
effective technique for carpet recycling.

15.2 Carpet waste polymer composite

A composite is a combination of two or more elements, one of which is rigid material rein-
forcement, and the other is a binder or matrix that keeps the reinforcement in place (shape/
size) (J. Kumar, Verma, and Khare 2021; Malik 2007; Shin and Park 2018). When the ele-
ments (filler and matrix) are combined, the final composite material retains their individual
identities (both filler and matrix), and both substantially affect the composite characteristics
and performance. The term composite refers to a material system made up of two or more
materials with improved material properties than the individual material. The structure of
constituents is combined so that the components retain instead in the form of a chemical
compound in their respective functional phases (Rajak et al. 2019). The exceptional engi-
neering properties of polymers attracted academia and industry professionals to explore the
composites research aspect in recent decades. Composites, mostly made of matrix and rein-
forcing materials, are well known. In this section, a significant description of matrix and
reinforcement material has been described.

15.2.1 Matrix material

Essentially, the matrix is a homogenous and monolithic material into which a fiber system
of a composite is incorporated. It is continuous through the composite. The matrix serves
as a binding and holding medium for the reinforcements to form a solid (He et al. 2018;
Choudhary and Gupta 2011). It gives finish, texture, color, durability, and usefulness while
also protecting the reinforcements from environmental harm. Generally, polyester and epoxy
resins have been used as matrix materials.

15.2.2 Reinforcement material

To improve the physical qualities of the finished composite material, reinforcement material
has been added to the matrix material. Two forms of discarded carpet were used as rein-
forcement for making carpet waste composites. The first is the direct form, and the second
is the random form. Waste carpet is used to develop laminated composite in “direct form”.
The “random” reinforcement form was created by cutting loose carpet yarn ends from car-
pet waste with a guillotine and placing them in the mold cavity after resin impregnation.
Figure 15.4 presents the matrix material composition and reinforcement in carpet waste
polymer composite.

15.3 Technique for development of carpet waste polymer
composites

The epoxy phase matrix must be spread evenly over the carpet fibers if efficient composites
for structural materials production are developed. The composite was made by combining
epoxy (resin), hardener, and carpet waste fiber in a specified ratio. The resin improvement
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Figure 15.4 Matrix and reinforcement material in carpet waste composite.

is transferred through the carpet, which conveys the essential characteristics of bulk parts.
As described in this section, vacuum-assisted resin transfer molding (VARTM) was used to
transfer the epoxy (resin) into the fiber layer.

15.3.1 Vacuum-assisted resin transfer molding (VARTM) process

Structured composites may be created using a variety of processes, including pultrusion,
resin transfer molding (RTM), spray layup, hand layup, and the vacuum-assisted resin trans-
fer molding (VARTM) process. Carpet waste is utilized as a reinforcing material in devel-
oping composites from carpet waste. Figure 15.5 illustrates the matrix and reinforcement
material used in carpet waste composite.

Carpet waste in its original state, as seen in Figure 15.5, is referred to as “direct form.”
In this form, carpet waste was employed without any extra trimming. The plies have been
stacked in a non-symmetrical order. Layers of reinforcement have been stacked at angles
of 0°, +45°, and —45° to the tensile test direction. The VARTM technique has been used to
manufacture carpet waste composites because it produces a sample with uniform resin flow
and minimum porosity. Figure 15.5 shows the VARTM setup. In order to use this method, a
resin with a low viscosity was required for infusion. The thickness of the composite surfaces
is consistent due to the homogeneous resin flow. Figure 15.5 illustrates the component of
the VARTM setup. The carpet was trimmed to the proper size and then used as a reinforcing
material to create the carpet waste composite. Releasing agent (silica gel spray) was used
on the mold’s bottom surface. The VARTM arrangement transferred two comparable carpet
layers under the vacuum bag and over the release agent. The vacuum pump was turned on
first in order to remove any remaining air from the vacuum bag. When a perfect vacuum was
achieved, the resin was allowed to flow into the mold and solidify. The pressure of 1 atm pro-
vides both the driving power and the compressive force necessary for effective resin infusion
into the compressed mold. The VARTM technique required a peel-ply and transfer medium
to ensure that epoxy resin was evenly distributed. After the resin was fully infused, the tube
was clamped shut and allowed to cure for 24-48 hours.
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Figure 15.5 Carpet waste composite development process using VARTM setup.

15.4 Analysis of polymer composite develop from
carpet waste

The polymer composite’s material engineering properties significantly improved after rein-
forcement was incorporated with the epoxy matrix (Vaidyanathan, Singh, and Ley 2013;
Sotayo, Green, and Turvey 2015a; Jaiswal, Verma, and Mishra 2022; J. Kumar et al. 2022).
Modifications are influenced by processing methods, the carpet type, aspect ratio, and mate-
rial. Based on the most recent reports in the literature, a particular processing method can
be feasible and essential. So that the desired composite characteristics can be achieved, it is
essential to optimize the various conditions involved. Several studies have been carried out
in order to determine the mechanical properties of the carpet waste fiber/polymer composite
under various conditions.

Carpet waste fiber polymer composite has outstanding acoustic insulation properties (Pan
et al. 2016; Rahman, Siddiqua, and Cherian 2022; Sotayo, Green, and Turvey 2015a; Ghis-
ellini and Ulgiati 2019). The acoustic test method can be used to estimate the composite
sound proofing, which is controlled by the fiber design and geometry in the matrix phase.
The carpet waste fiber composite was found to be more effective than the pristine epoxy
composite at insulating sound (Rushforth et al. 2005; Islam and Bhat 2019). As previously
stated, structural materials could be significantly strengthened by incorporating carpet waste
because of their excellent sound insulation properties. The various properties of the compos-
ite material are significantly influenced by the recycling of carpet waste fiber in the polymer
matrix. In the case of polymers, recycling waste carpets adds enhanced mechanical proper-
ties (Sanjeevi et al. 2021; Valerio, Muthuraj, and Codou 2020; Gowayed and El-halwagi
1995). However, the entire interpretation of reprocessing is still in its early stages. Waste
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carpet polymer composites need more attention from the manufacturing sector, academia,
and research institutes. The summary of the carpet waste supplement in the development of
polymer composites performed by eminent scholars is remarked in Table 15.1. This table
described the significance of recycling of waste carpet and properties enhancement in poly-
mer for multifunctional products.

Table 15.1 Summary of the Properties of Composite Material Developed From the Carpet Waste

Sr.  Carpet Matrix

No. (Reinforcement)

Method

Remarks

References

I Nylon and
olefin waste
carpet

Epoxy

Thermoset
matrix

2 Carpet waste
jute

3 Post-consumer
nylon and olefin
carpet waste

Epoxy

Cement
mortar

4  Polypropylene
waste carpet

5 Different waste
carpet and clay

Epoxy

6  Carpet waste
(Nylon)

Epoxy

7  Carpet waste
jute yarn

Epoxy

VARTM

Compression
molding

VARTM

Pulverization
method

VARTM

VARTM

Compression
molding
technique

Nylon face fiber-based
composite exhibits
higher flexural strength
than olefin.And these
composites can be
used in light structural
applications.

The flexural strength
of the prepared sample
was found to decrease
by up to 40% after being

immersed in water for 168

hours.

The mechanical testing
was performed, and it was
observed that the nylon
waste carpet fabricated
composite exhibits higher
flexural strength than the
olefin waste carpet.

The addition of waste

carpet face fiber to mortar

reduces environmental
pollution and enhances
mortar’s impact behavior.
The best mechanical
results were observed for
clay infused in composite,
and the presence of

the clay in composite

also increased the flame
retardant behavior.

The fabricated carpet
waste composite can be
used as a low-strength
structural application
composite.

The jute waste carpet
composite can serve as
a potential caste more
effectively than the
traditional composite.

(Jain et al.2012)

(Karaduman and
Onal 2011)

(Jain et al.2012)

(Xuan et al.2018)

(Mishra and
Vaidyanathan 2019a)

(T. Kumar, Mishra,
and Verma 2020)

(Onal and
Karaduman 2009)

(Continued)
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Table 15.1 (Continued)

Sr.  Carpet Matrix Method Remarks References
No. (Reinforcement)
8  Needlefelt Polyester =~ Compression It was observed that
carpet waste resin molding the incorporation of the
technique carpet waste improved the

post-cracking strength of
the polymer composite
under the flexural load.

9  Flax Jute Epoxy Comepression The best mechanical (Karthi et al. 2021)
molding properties were obtained
techniques by flax jute,and these

types of composite
materials can be used
for lightweight structural

applications.
10 Waste Portland Pumping Carpet fibers have the (Mohammadhosseini,
polypropylene  cement method potential to be used Tahir, and Alaskar
carpet in preplaced aggregate 2020)

fiber reinforced concrete
(PAFRC) due to their
improved transport and
strength characteristics.

15.5 Application of the composite materials developed
from carpet waste

The main application area of polymer nanocomposite material is applied in numerous fields,
including roadside barriers, home decoration, sound insulation (cinema hall), wall tiles, roof
tiles, automotive, sports goods, and building materials (Singh, Ramakrishna, and Gupta
2017; Mishra and Vaidyanathan 2019b; Patti and Cicala 2021; Sotayo, Green, and Turvey
2015a; Fashandi et al. 2019; Kamble et al. 2020). Due to the high corrosion resistance,
diminished weight, desired load carrying capacity, and fire retardant, specific weight, mois-
ture, and flexibility. The series uses carpet waste polymer composites in low tooling compo-
nents (Memon et al. 2015). Moreover, carpet waste is used in various appliances and reduces
land filling and incineration. This has an approach towards the waste to wealth concept. A
remarkable application of discarded polymer composites is shown in Table 15.2.

15.6 Conclusion remarks

The findings of this chapter describe that carpet waste can be recycled and used in structural
applications. It demonstrates a high potential for altering the properties of polymer matrixes.
Multiple variables, such as fiber form, carpet type, carpet material geometry, etc., impact the
consistency of composites made from waste fibers and polymers. A significant amount of work
has been done on carpet recycling and carpet processing techniques. A high probability of fea-
tures exists for the discarded carpet additive; through these techniques, an appropriate method
for improved stress transferring for fiber and matrix material is accomplished. In order to main-
tain the intrinsic characteristics of the carpet fiber, however, more progress must be made in this
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Table 15.2 Application of Carpet Waste Composite Materials

Sr.No.  Physical Remark References
significance
| Cost Reduced waste handling, (T. Kumar, Mishra, and Verma 2020;
consolidation part production Mishra, Das, and Vaidyanathan 2019;
time, and reduced long-term Mohammadhosseini et al. 2017;
durability and efficiency Dobilaite et al. 2017)
2 Weight Light in weight, good elasticity (Mishra and Vaidyanathan 201 9a)

and tensile strength, and an
excellent balance of strength

and weight
3 Dimension Large sections of the body with (Patel and Dave 2020)
distinct geometry
4 Surface Resistant to corrosion, (Jaiswal,Verma, and Mishra 2022)
properties adaptable to the environment,
and has a custom surface finish
5 Thermal Thermodynamically impractical (Xuan et al. 2018; Mishra and
properties and fire retardant Vaidyanathan 2019a; Verma et al.
2021)
6 Environment Biodegradable, pollution-free, (Awal and Mohammadhosseini 2016;
and controlled noise pollution Mohammadhosseini et al. 2018)

area in the future. Furthermore, a specific emphasis is placed on carpet waste VARTM methods,
and many recycling methods have been revealed to assist in achieving waste management goals.

For carpet waste recycling, there are currently five main methods: landfilling, energy recovery
(via incineration), prevention, carpet reuse, and recycling. The previous study intended to recycle
waste carpet’s main issue of costly environmental pollution. It consumes lots of time, causes
costly decomposition, causes environmental pollution, and has a limited exploration technique.

Recycling waste carpet in the polymer matrix was investigated in this paper during epoxy
resin progression. The structural efficiency of a manufacturing process is typically associ-
ated with the performance of the production process. It has been observed that the mechani-
cal properties of the polymer matrix have improved when using VARTM, which produces a
sustainable polymer composite. Additional significant improvements to carpet waste fiber/
epoxy composites include acoustic, fire, moisture, and thermal insulation.

Besides, the proposed methods could adequately resolve carpet waste management such
as land filling and incineration.

A higher potential for application in manufacturing sectors was demonstrated by the
improved characteristics of the carpet fiber when compared to the pristine polymer compos-
ite. A more significant analysis of the properties of composites is expected to improve their
performance at a low cost.

Recycling to the management of waste materials is another emerging area for practitioners
and academia, as it can be used in various parts production. Hence, the developed material
can be explored for the zero-waste generation process. The current study may be summa-
rized by claiming that the proposed technique can be recommended for critical recycling
problems in manufacturing and industrial engineering case studies. The proposed technique
can be recommended for other recycling materials for the developed composites.
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16.1 Introduction

Climate change and global warming are due to the unchangeable habits of humans in con-
suming the natural resources of the earth. The race to simplify human life has led to many
inventions in the last three decades. One such invention is plastics. Plastic materials have
very significantly contributed to the development of many technologies. Plastics have
very good properties, such as light weight, durable, easy to handle, cost-effective, higher
chemical resistance, and good strength. Due to these properties, plastics are used in many
industries, such as automotive, packaging, construction, and medicine. Over the past years,
plastics have become a very useful commodity due to their excellent properties (low weight,
electrical and thermal insulation, etc.) and vast application scope at affordable prices. Plastic
waste is generally defined as the end of life of a usable plastic product. It has been cited by
the United Nations Environment Programme (UNEP) that over 400 million tonnes of plas-
tic waste is generated globally (UNEP 2022). According to a survey, it was estimated that
6.3 billion tonnes of plastic waste were generated, and only 9% of the waste was recycled,
while the remaining was disposed in landfills or other natural ecosystems (Brooks, Wang,
and Jambeck 2018). Plastic waste has a complex structure. It comprises various composite
materials, harmful emissions, and residual ash (Eriksen et al. 2018). The management of
plastic waste is complicated, as, most often, the mixing of other contaminants limits its
recyclability (A. Kumar et al. 2018). In countries like India, the collection and separation
operations are conducted by informal sectors such as multi-tier players. This creates further
difficulty in identifying the flow of waste and its traceability in different steams of waste
(Balaji and Liu 2021). The American Society of Plastics Industry has categorized plastic
into seven groups, namely high-density polyethylene, low-density polyethylene, vinyl/poly-
vinyl chloride, polypropylene, polystyrene, polyethylene terephthalate, and other types of
plastic materials (such as nylon, polycarbonate, and ABS) (Bhattacharya et al. 2018). Plastic
waste possesses very dire consequences for human health and the ecological environment.
Since the natural degradation of plastic is a very time-consuming process, it remains there
in the environment for a very long time. Therefore, it causes damage to the ecosystem and
biodiversity and causes long-term social and ecological problems (Friot and Boucher 2017).
Therefore, the management of plastic waste is very much essential for achieving a pollution-
free environment.

16.2 Importance of plastic waste management and
circular economy

Recycling plastic waste includes five processes. These processes are based on the quality of
the product manufactured after recycling plastic waste: upgrading, recycling (open/closed
loop), downgrading, waste to energy, and dumpsites or landfilling (Chidepatil et al. 2020).
Figure 16.1 depicts the processing route of plastic waste.

The linear economy model dictates the “take-make-use-dispose” approach to the prod-
uct life cycle. On the other hand, the circular economy uses the perception of integrating
economy and environment in a sustainable path that focuses on “make-use-recycle-remake”
(Sikdar 2019). The prime objective of this model is to (a) design products to minimize plas-
tic waste, (b) recollect used materials and components, and (c) natural system regenera-
tion. There are six “Rs” of circular economy: reduce, reuse, recycle, recover, redesign, and
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Figure 16.1 Processing routes for plastic waste (adapted from Chidepatil et al. 2020).
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Figure 16.2 Model for the circular economy (adapted from Mikula et al. 2021).
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remanufacturing, as depicted in Figure 16.2. The circularity is affected by various factors:
(a) the raw material used to make plastic, (b) the type of plastic material, and (c) the socio-
political framework wherein the plastic waste is generated, used, and managed. Therefore, it
is very important to know the various facets of the circular economy.
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Figure 16.3 Various types of plastic recycling processes.

16.3 Methods of recycling plastic waste

There are different methods of recycling plastic waste. According to the ASTM D7209 and
ISO 15270:2008 standards, plastic waste recycling is divided into four basic components.
The same is depicted in Figure 16.3.

16.3.1 Primary recycling

It is a very fundamental way of processing plastics. In this, the received product is washed
and cleaned using a standardized cleaning process. These cleaned products are then reused
for walling new products, such as PET and bottles. In this, flow plastics are sorted and
cleaned, shredded, etc.

16.3.2 Secondary recycling

This is the most widely used recycling process for the waste plastics. In this process, the
thermoplastics are recycled by using the mechanical recycling method. There are various
steps followed for this type of recycled plastic.

16.3.3 Tertiary recycling

In this type of recycling, recycling is performed using the chemical processing of plastics.
In this type of process, plastics are used as feedstock material for basic chemicals and fuels.
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This process involves various processes, such as solvolysis, thermolysis, microwave irradia-
tion, pyrolysis gasification, thermal cracking, hydrolysis methanolysis and chemolysis (R.
Singh and Kumar 2022).

16.3.4 Quaternary recycling

It is a technique that involves energy recovery, which involves incineration to obtain the
energy component of plastic waste. Combustion of plastic with energy recovery is the most
effective way of reducing waste, severely contaminated, and low-quality mixed plastics.

16.4 Additive manufacturing for circular economy

Additive manufacturing is the process wherein the material (plastic/metals/ceramics) is
deposited layer by layer. In this technology, a three-dimensional (3D) part is created using a
computer-aided design model as the input. This technology has the potential to disrupt and
create value for manufacturing processes by eliminating the waste generated in the processes
(R. Singh and Kumar 2022). Since an optimal amount of material is only deposited to cre-
ate the 3D shape of the object to be manufactured. In this chapter, the terms “3D printing”
and “additive manufacturing” are used interchangeably. Both names imply the same in this
chapter. The various additive manufacturing technologies are illustrated in Figure 16.4.

Sheet
Lamination

¢ Powder
Bed Fusion

Vat Photo

) $
Directed Energy ? polymerization

Deposition Additive
Manufacturing

Technologies

Material
Extrusion

Material
Jetting

Figure 16.4 Various types of additive manufacturing technologies (adapted from Rafiee, Farahani, and
Therriault 2020).
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16.4.1 Powder bed fusion (PBF)

Powder bed fusion is an additive manufacturing technology in which some light source is
used to fuse the powder material to form a 3D part. The various technologies that come
under this domain are selective laser sintering (SLS), selective laser melting (SLM), multi-
jet fusion (MJF), and electron beam melting (EBM).

16.4.2 Vat photopolymerization

Generally, liquid resins are used in this method, and the model is printed layer by layer using
some light sources. The methods of vat photopolymerization include (a) stereolithography
(SL), (b) digital light processing (DLP), and (¢) digital light synthesis (DLS).

16.4.3 Material extrusion (ME)

By using this method, paste or semi-liquid material can be extruded through a nozzle to form
a layer-by-layer 3D structure or product. Fused filament fabrication (FFF), fused granular
fabrication (FGF) or fused granular deposition (FGD), and digital writing (DW) are some of
the proven material extrusion technologies.

16.4.4 Material jetting (M])

It is one of the additive manufacturing methods in which different/multiple materials are
sprayed through multi-jets of very fine size. The material is then cured using UV light to
form a solid object. This method is similar to a 2D inkjet printer (D. Singh, Pandey, and
Kalyanasundaram 2018).

16.4.5 Binder jetting (BJ)

Binder jetting is a method of 3D printing wherein a liquid-like bonding agent is put on the
surface of the powder so that the powder will adhere to it and a layer is formed. In this way,
layer by layer object/product can be created.

16.4.6 Directed energy deposition (DED)

In this method, focused thermal energy is used to bind the material by melting and deposi-
tion processes.

16.4.7 Laminated object manufacturing (LOM)

It is the process in which sheets of adhesive materials are glued together to form layers and
then cut into the desired shape with the help of a cutter or by using laser cutting. This tech-
nology is now rarely used due to the complexity of the process.

The extrusion-based additive manufacturing method, such as fused filament fabrication,
is the most accessible among other types of additive manufacturing methods. This is due to
its versatility of part design (D. Singh et al. 2022), low complexity (Rafiee, Farahani, and
Therriault 2020), lower investment cost (R. Singh, Singh, and Singh 2016), multi-material
printing (Lopes, Silva, and Carneiro 2018), and product customization properties.
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Some researchers have used the waste powder from the SLS to make filament for the
fused filament fabrication process. Their research has brought the scope of consuming the
waste of one additive manufacturing process to be used in other processes for sustainability
(Mégi, Krumme, and Pohlak 2016).

16.5 Methods for using recycled plastics FFF and FGD

Alva et al. used waste plastics as disposable plastic bottles and shred them in a shredder. The
shredded plastic was then used in an extruder to produce a filament. The model proposed
by the authors was technically viable since the defective products can be reused to produce
a filament and then reprinted (Romero-Alva, Alvarado-Diaz, and Roman-Gonzalez 2018).
Likewise, Lee et al. studied a recycling model to be used for producing filament made from
ABS and PLA waste plastic. The model proposed different setups for shredding the materi-
als and extruding them in the form of a filament of the desired diameter. The researchers
observed that the dimensional appearance of parts produced by recycled plastic was stable;
however, they observed discoloration of the parts after some time. The strength was reduced
by ~11% with an increase in its stiffness and fragility (Lee et al. 2019). Chong et al. studied
the suitability of very commonly used recyclable plastic high-density polyethylene (HDPE)
and compared the results with the most commonly 3D printed material ABS. The author
showed in their research that recycled HDPE could be used for 3D-printed filament material
(Chong et al. 2017). Lanzotti et al. compared the mechanical properties of the 3D-printed
virgin PLA components with the 3D-printed recycled PLA. The research group maintained
that recycling a filament twice does not decrease the mechanical properties and durability of
the components produced using recycled 3D-printed PLA. However, they stated that recy-
cling it further decreased the mechanical properties (Lanzotti et al. 2019).

Singh et al. developed a 3D printing filament produced using waste plastic using SiC/
AL O, as reinforcement in the polymer. The strength testing depicted that the addition of the
filler materials improves the mechanical properties of the recycled plastic (N. Singh, Singh,
and Ahuja 2018a). Anderson compared the mechanical properties such as tensile yield
strength, elastic modulus, yield strength in shear, and hardness. The author observed that the
mechanical properties of recycled PLA were at par with the virgin PLA. These encouraging
results shall help the adoption of recycled 3D printed materials for reducing plastic waste
using additive manufacturing technology (Anderson 2017). Paciorek-Sadowska et al. suc-
cessfully performed experiments to form new poly foams based on bio-polylactide waste for
thermal insulation applications (Paciorek-Sadowska, Borowicz, and Isbrandt 2019). Mosad-
dek et al. successfully developed and tested recycled 3D-printed drones for remote sensing
applications. The filament was the composition of 90% waste materials and 10% virgin
material (Mosaddek, Kommula, and Gonzalez 2018).

Sanchez et al. invented a methodology for using recycled plastic waste as a feedstock for
3D printers. The applied strategy was then implemented to produce the recycled PLA waste
feedstock and used for 3D printing using fused filament fabrication technology. The authors
observed that recycling slightly degrades the mechanical properties (Cruz Sanchez et al.
2017). Exconde et al. studied various types of virgin and recycled plastics, such as LDPE,
HDPE, PET, and PP, for its feasibility in producing 3D printing filament through multi-
criteria decision-making. The author maintained that recycled plastics demonstrated better
properties than virgin material. These findings demonstrate that adopting recycled filament
is a viable solution to single-use waste plastics (Exconde et al. 2019).
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It is depicted from the literature above cited that the general procedure to recycle waste
plastics for 3D printing is to shred the parts into small pieces and then extrude them into
the form of a filament. The other waste plastic technique is mixing it with virgin plastic and
even metal reinforcements. This method has proven to enhance the mechanical properties of
recycled plastic for its application in the 3D printing technique. It is a well-known fact that
recycled plastic’s mechanical properties deteriorate every time the material goes through
shearing and thermal cycles. The degradation of the mechanical properties is also due to the
natural aging of the plastics due to repeated exposure to UV light during their service life and
the addition of additives. It has been proven that in normal situations, plastic can undergo up
to five recycling cycles without the necessity of adding virgin materials or other additives to
enhance its mechanical properties (A. L. Woern et al. 2018).

16.6 FFF and FGD method

Fused deposition modeling (FDM), or Fused Filament Fabrication (FFF) is a material extru-
sion method of additive manufacturing in which material is extruded through the nozzle and
joined together to create a 3D object. In a typical FDM process, the polymer-based filament
is extruded through a heated nozzle, which melts the material and deposits it in a layer-by-
layer manner on the build platform, and ultimately these layers fuse with each other and
create a 3D part. FDM is one of the simplest technology to 3D print because FDM is acces-
sible, reasonably efficient, and widely popular. The basic setup used for FDM is depicted in
Figure 16.5 (a). Figure 16.5 (a) shows that a filament is extruded through a heated extruder
and nozzle. The extruded material is deposited layer by layer.

Generally, the FDM technology follows the FFF technique and uses filaments for 3D
printing, but the making of filaments from every material is not possible to pass through the
extruder due to complex geometries (Valkenaers et al. 2013). Due to this, FFF is restricted to
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Figure 16.5 (a) Setup for fused filament fabrication (FFF) technology. (b) Setup for fused granular fab-
rication (FGF) technology.
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use in manufacturing functional materials. To solve this issue, direct FDM or Fused Granular
Fabrication (FGF) or Fused Granular Deposition (FGD) is one of the prominent alternatives
to the FFF system, in which plastic powder, plastic pellets, plastic flakes, and shredded
plastics are directly used for additive manufacturing (Justino Netto and Silveira 2018). This
system uses screw-based print heads to transport the molten material by auger screw (Valke-
naers et al. 2013).

During filament extrusion, when the filament material is extruded through liquefaction,
any variations in the diameter of the filament material can cause congestion. A larger diameter
feedstock can block the nozzle, while a small diameter feedstock may not provide sufficient
materials to reach the walls of the extruder and can cause materials to short in the printed
product (Valkenaers et al. 2013). Buckling of the filament may also cause hindrances during
the printing process. The availability of polymer feedstock is also one of the limitations of
the FFF 3D printing process (Bellini, Giigeri, and Bertoldi 2004). Contrarily, materials for
direct deposition processes are widely used because the materials are no longer limited by
the filament’s mechanical properties (Whyman, Arif, and Potgieter 2018). A typical system
for FGF technology-based 3D printer is depicted in Figure 16.5 (b).

As the name implies, screw assist systems include different types of screw extruders,
like single-screw extruders and twin-screw extruders. A plastic extruder generally has three
zones: a solid conveying zone, a melting zone, and a metering zone (Agassant et al. 2017).
Solid pellets are transported from the hopper to the screw flight in the solids haul zone. These
pellets are then compressed and move down the channel. The process of compressing the
material is only possible if the friction on the cylinder surface is greater than the friction on
the screw surface (L. Pan et al. 2012). The drum’s friction contributes to the feedstock move-
ment along the nozzle direction. In the absence of running friction, the pellet speed will be
slower than the screw speed. This means that the pellet cannot achieve axial thrust. Finally,
the pellet is melted and processed into a homogeneous mixture. This mixture is pushed from
the nozzle.

16.7 Steps involved in recycling of plastics

There are various steps involved in the recycling of the plastics to be processed through the
route of additive manufacturing. The detailed steps are enlisted below.

16.7.1 Recovery of plastic

It is the initial stage where plastic waste is mainly collected and logistic. Here it is also con-
sidered that sorting different material types is necessary. The sorting is either manual or can
be automated. The second important thing is that the supply chain must be shorter so that
the transportation cost and social and environmental impact can be reduced. For that reason,
now a day’s design is done on the basis of closed-loop approach.

16.7.2 Preparation for recycling

This phase deals with sorting, in which useable recycled plastic material taken a side and
then process of identification, washing, sorting and size reduction takes place. Identification
is very important step and is done as per the recycled code framework. Although different
types of plastic having different properties so while creating complex 3D printing plastic
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code (1-7) must be known. This numbering during the 3D printing may be helpful for envi-
ronmental awareness about plastic recycling. Then sorting is also an important step after
identification, in sorting, specific waste material is identified. Proper methodology must be
implemented for sorting and cleaning. Size reduction is the process where different methods
and design are used for shredding recycled material. In the cleaning process of waste plas-
tics, detergent and water is used to wash dirt particles from waste plastic surfaces followed

by drying.

16.7.3 Compounding of plastics

It is the process for the development of single and composite material for decentralized
recycling via additive manufacturing. To check feasibility of mono-plastic recyclability dif-
ferent studies have been conducted. The main conclusion from these studies is that it is
technical not feasible to mix plastic which have different processing window. Therefore,
recycled mono plastics were used for 3D printing through various methods, however, all
the thermoplastics are not sharing the same properties for 3D printing. As an example, the
high melting temperature, crystalline, moisture absorption, and weak interfacial bonding
between the layers of recycled PET made the printing process difficult. The recycled PET
structure may degrade more quickly if there are low levels of pollutants and chemicals pres-
ent. However, recycled plastic materials such as ABS, PLA, and HDPE proven to be additive
manufacturing compatible materials. Due to bed adhesion, distortion, and weak interfacial
welding between printed layers, further research may improve the 3D printing capability of
PP and PET. Defects in the 3D printing methods frequently occur at the interfaces because
the solidification process and the diffusion of polymeric chains in the layers determine its
printability.

In the case of composites, 3D printing is favorable due to its affordability, environmental
friendliness, and ability to accommodate flexible filament materials, special emphasis has
been dedicated to the manufacturing of polymer and composite filament. Mixing virgin/
recycled materials in different ratios by extruding can be an economical way to enhance the
reuse of recycled plastic materials.

16.7.4 Feedstock materials preparation

The main purpose of this phase is to get proper recycling material used for printing. Open-
source machine setup of this design (free, self-replicating, modular) is sustainable for the
wide adoption of the technology. It is worth noting that this approach will reduce costs
and simplify the setup’s production and assembly by ensuring process reproducibility. For
example, Woern et al. developed a waste-design plastic extruder that can produce commer-
cial quality (Recyclebot) 3D-printed filament. Specified filament manufacturing conditions
were 0.4 kg/h, consuming 0.24 kWh/kg and providing a diameter accuracy of + 4.6% (A.
Woern and Pearce 2018). In this regard, Zhonge et al. studied the Recyclebot extruder for its
energy returns time using the materialized energy of PLA and ABS plastic materials. Also,
using a recycler to manufacture printed filaments from recycled plastics has proven itself
an efficient method to save energy (Zhong, Rakhe, and Pearce 2017). Similarly, Woern and
Pearce studied a pelletizer 3-D printable chopper system. This open-source system provides
the compounding of filament and feedstock for fused granular printing purposes (A. Woern
and Pearce 2018).
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16.7.5 3D printing

Fused filament fabrication has a strong track record of printing plastics. However, the techni-
cal advancement of fused granular fabrication (FGF) may represent a significant step toward
demonstrating the recyclable nature of plastic trash. Since FGF can print from pellets, fila-
ment production is no longer necessary. These FGF technologies have effectively recycled
virgin polymers as well as plastic waste in a “green fabrication laboratory” context (Byard
et al. 2019). A piston-drive head and screw-based extrusion techniques are two other forms
of direct extrusion. The establishment of this technology for its widespread adoption will
require further research.

16.7.6 Part quality

Quality is one of the important aspects of any product. Similarly, for a 3D printed part from
waste plastic, there are three areas where quality is a major issue, which are, (1) raw mate-
rial, (2) 3DP feedstock, and (3) quality of the printed part.

The raw material properties allow researchers to estimate the initial quality of the recycled
material. Important properties such as flowability and thermal characteristics, Kumar and
Czekanski studied the melt flow index (MFI) of three different amounts of recycled HDPE
reinforced with SiC/Al,O, with the purpose of having equivalent rheological properties as a
market-available filament (S. Kumar and Czekanski 2017).

Concerning about 3DP feedstock, properties of filament, like diameter of filament and liner
density of filament, are important characteristics while considering the quality. Mechanical
properties, such as tensile strength and elastic modulus, are important properties for 3D
printing. In the case of composite filament, a morphological test is also necessary to evaluate
the distribution of matrix and filler in a filament.

While considering the quality of the 3D-printed object, printability is the most important
parameter. It means the ability of waste material to extrude and retain the dimensional shape
after the extrusion and having sufficient strength and mechanical properties. In 3D printing
of waste plastic, various issues may occur, like warping, deformation, or buckling. The vari-
ous past literature works are compiled in Section 16.9, where researchers have improved the
strength of the recycled filaments by adding additives.

16.8 Commercially available 3D printing filament
in the market

The plastics that are currently proven to be useful as the feedstock material for the FFF
method are listed in Table 16.1.

16.9 Improving the strength of the recycled plastic
by adding additives

Environmental pollution is a major problem due to plastic waste. Many methods have been
developed to develop new materials for 3D printing. Different additives were added to
enhance the molecular weight and improve waste recycled plastics’ mechanical strength.
There are two major issues, which are (1) extending polymer chains and (2) permitting the
formation of free radicals by adding additives in the form of peroxides.
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Table 16.1 List of Commercially Available Recycled 3D Printing Filaments (Adapted From Mikula et al.

2021)

Manufacturer (Country) Recycled Raw material Content of

plastic recycled
plastic (%)

B-PET (Spain) PET Bottles made from PET 100

Filamentive (United Kingdom) PLA Waste stream of factory 55
ASA NA 50
PETg PET bottles 99.5
PET PET bottles 100
ABS NA 64

Fila-cycle (United Kingdom) PLA Yogurt pots 100
ABS Automotive waste NA
PET PET bottles
HIPS Automotive waste

Refil (Cyprus, Europe) HIPS Fridge 100
ABS Dash board of automotive
PLA Packaging of food
PET Water storage bottles

Innofil3D (Netherlands) PET Recycled PET materials 100

Fishy filaments, Porthcurno Nylon Fish nets 100

(United Kingdom)

Tridea (Belgium) PET Food containers 100
PLA NA

CREAMELT (Switzerland) TPU Ski boots 100

The impact of adding lignin was investigated in the morphological, mechanical, and
thermal properties of recycled PLA. Lignin is added to ground PLA before being extruded
at 180—-190°C. Compared to samples composed of pure PLA, the inclusion of biopolymer
enhances melting characteristics, reduces tensile strength (18%), and reduces Elastic modu-
lus by ~6% (Gkartzou, Koumoulos, and Charitidis 2017). Additionally, the material was
strengthened using carbon fibers. In comparison to the original, the recycled material’s bend-
ing strength was 25% higher. The carbon fiber-reinforced material recovery rate was 100%,
and the PLA material recovery rate was 71% (Tian et al. 2017). Dopamine, which is readily
absorbed by most surfaces, was employed. This characteristic also permits polymer coat-
ings. For 4 hours, ground PLA is agitated in a solution of dopamine in water. The PLA is then
dried and extruded after this compared to pure PLA, the mass distribution of PLA containing
dopamine began at a temperature of 200°C. The material’s coating also contributed to a 20%
boost in tensile strength (P. Zhao et al. 2018; X. G. Zhao et al. 2018). Stabilizers that oxidize
recyclable materials are employed to enhance their qualities. Tropolone and hydroquinone
both have this capability.

The introduction of a biocarbon additive led to a notable increase in the mechanical char-
acteristics of the recycled material. Recycled PET bottles were combined with biocarbon,
then heated. The addition of a second component resulted in a 32% improvement in the



256 Pankaj Sawdatkar and Dilpreet Singh

material’s tensile strength. It was discovered that the material has stronger resistance to heat
and oxidizing conditions and an increased modulus of elasticity (by about 60%) (Idrees, Jee-
lani, and Rangari 2018). The natural origin of PLA is one of the polymers that use biocarbon
to reinforce it. When combined with the additives of natural origin, it was discovered that the
additions increased the samples’ stiffness by 8% (Notta-Cuvier et al. 2014). In the process of
developing new kinds of floor mats, filaments based on hemp, harakeke, or recycled gypsum
(0-50 wt.%) were independently added to raise the values of recycled polypropylene (PP).
The best outcomes were obtained for filaments constructed of harakeke fibers (30 wt.%;
tensile strength: 39 MPa; Young modulus: 2.8 GPa). However, those materials tend to lose
some qualities when printed (Stoof and Pickering 2018).

In literature, Fe, Si, Cr, and Al nano-crystalline powders were added to PP and HDPE
filament extrusion to improve the quality of recycled polymers. The researchers studied that
adding 1% of a powder mixture (Fe-Si-Cr or Fe-Si-Al) improved the yield strength (37%)
and young’s modulus (17%) compared to the values of the base materials. Metals also lessen
the possibility of crack formation (G. T. Pan et al. 2018). The addition of SiC/Al,O, was
also observed to increase the strength of recycled waste HDPE material significantly. Waste
HDPE was reinforced with SiC/AlLQ,, and paraffin wax was used as a binding agent. In a
screw extruder, the prepared material was introduced into the additive. The additive has a
minor effect on the thermal properties of the waste material; however, this increases the
strength significantly (N. Singh, Singh, and Ahuja 2018b). Using zirconium oxide as an
additive to recycle HDPE, mixed and ground using a ball mill. The filament was extruded
at 190°C. It was reported that the coefficient of friction was 40% higher as compared with
the polymer with zirconium oxide. The developed plastic material can be used to build low-
temperature bearings (N. Singh, Singh, and Ahuja 2018b).

16.10 Role of additive manufacturing in tackling the
waste problem

Conventionally, recycling involves the collection and segregation of plastic materials. Plas-
tic waste recycling can be performed mechanically, chemically, and through energy recov-
ery. However, mechanical recycling is the most widely used method, which uses extrusion
processes to make pallets (R. Singh, Singh, and Singh 2016). There are some limitations to
conventional recycling, such as fumes emissions and disposal of waste. In the present situ-
ation, closed loop recycling by 3D printing shows a prominent route of recycling (P. Zhao
et al. 2018; X. G. Zhao et al. 2018). Additive manufacturing/3D printing in thermoplastics
recycling can be achieved with the enhancement of materials’ thermal, mechanical, and tri-
bological characteristics by using additives and short fibers as reinforcements, ceramics,
metals, or glass particles (Boparai et al. 2016). The additive manufacturing can produce
value-added products with customized shapes and sizes and of very complex geometry.

16.10.1 Decentralized recycling

This approach depends on recycling consumer waste by upcycling the plastic waste into
making filament for 3D printing applications. This recycling can be achieved using small
units of recycling extruders. In the market, now, there are extruders with the facility to
make filament from the waste generated by discarded plastic components in 3D printing.
These are basically called benchtop-based filament-making extruders. Using this approach,
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Figure 16.6 Process flow diagram of recycling standard plastics and 3D printing.

the lab-scale waste plastics produced using 3D printing can be recycled. However, the steps
involved in decentralized recycling are explained in Section 16.7 (recycling of plastic). Fig-
ure 16.6 illustrates the process flow diagram for recycling using collection centers (conven-
tional approach) and decentralized recycling.

16.11 Future directions and applications

Plastics have gained immense popularity in the last fifty years. Plastics have good mechani-
cal properties, are lighter in weight and durable, and have a lower price. However, these
are long-persisting (non-biodegradable) materials in the environment after their service life,
thereby making them harmful to the environment (R. Singh, Singh, and Singh 2016). The
Annual production of plastic is over 320 million Metric tonnes globally, and it is expected to
surpass even 850 million Metric tonnes by 2050 (Zhong, Rakhe, and Pearce 2017; Mikula
et al. 2021). The increase in the production of plastic is also going to increase plastic waste
production. This alarms us about actively developing methods and strategies to tackle plastic
waste to save the environment for future generations.

Previous studies have directed us to explore future research directions. One such area
would be the multi-material mixer of second-use and virgin materials. In this aspect, very
few studies have been conducted. The existing studies are on printing the multi-materials
through multiple nozzles and polymer blending. In future, it would be interesting to study
the mixing of “x” times recycled materials with “y” times recycled materials of the same
polymer or different polymer. In addition, the extent of virgin material into the x and y times
recycled polymer or same class or different class. There is a lot of scope for studying and
standardizing these approaches to obtain the best properties of recycled materials.

Another area for future growth is direct printing of the shredded recycled material without
making a filament. A few emerging studies and designs discussed in this chapter exist in the
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literature, such as fused granular fabrication (FGF) systems. However, many more studies
in progress will show the efficient system and designs of direct printing systems. There is
a scope for developing direct printing machines that can print different materials in paral-
lel and blend the materials directly into them. This will open up a new regime of material
properties. This can even take up the mixing of thermosets reinforcements into the thermo-
plastics. Thermosets can enhance the thermal properties of thermoplastics.

Implementing artificial intelligence into recycling polymers for additive manufacturing
applications can bring out the new area for enhancing mechanical properties. With regards
to the mechanical properties enhancement of different materials, big data can be produced.
The data set will come from multivariable situations and multi-processing cycles for differ-
ent material combinations. These data can be utilized to train the algorithms and models of
machine learning. Depending upon the accuracy of the model, the predictions can be made
for the optimal design and mechanical properties.

16.12 Conclusions

Plastics are used in our day-to-day life, and the products made using plastics can assist in
simplifying our life. However, if not used wisely, plastic can severely threaten the environ-
ment. Therefore, the central idea behind this chapter was to discuss the technological inter-
vention using additive manufacturing to solve the problem of plastic waste management.
The decentralized recycling concept discussed in this chapter is key to realizing the solution
to waste plastics using additive manufacturing. In this chapter, the importance of plastic
waste management was highlighted. Recycling plastic waste is the key idea for plastic waste
management. Various plastics recycling methods were discussed. The importance of additive
manufacturing for the circular economy was explained. Various additive manufacturing pro-
cesses were discussed. The additive manufacturing process used for solving the plastic waste
problem was discussed. Previous literature work using additive manufacturing for plastic
waste management was reported. Various steps involved in decentralized recycling were
presented. The current market products using recycled plastics were enlisted. The role of
additive manufacturing in tackling the plastic waste problem was also discussed. Lastly, the
future directions in plastic waste management using additive manufacturing were discussed.
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