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Preface

Advanced machining processes have been explored as a viable alternate to con-
ventional machining methods. Recently, some efforts have also been done to make
these processes green or sustainable. Abrasive water jet machining process is one
of the most important advanced machining processes and also recognized as a green
process. The main objective of this book is to present the capability of abrasive
water jet machining process to machine a wide range of engineering materials and
to facilitate specialists, engineers, and scientists to establish the field further. This
book consists of four chapters. It starts with Chap. 1 as an introduction to abrasive
water jet machining process where its working principle, advantages, limitations,
applications, and literatures are discussed. Chapter 2 presents aspects of machining
metallic materials by abrasive water jet process. Abrasive water jet machining of
polymer (wood dust filler-based reinforced) composites is reported in Chap. 3. It
also presents the optimization of abrasive water jet machining process by MOORA
technique to secure the enhanced machinability of polymer composites. The last
chapter Chap. 4 is focused on experimental investigation and process optimization
for machining of zirconia ceramic composites by abrasive water jet process.

The information presented and investigation results reported in this book are
from the research conducted by the authors in this area. Authors hope that the
research reported on the experimentation, modeling, and optimization would
facilitate and motivate the researchers, engineers, and specialists working in this
area.

We sincerely acknowledge Springer for this opportunity and their professional
support.

Raipur, India Jagadish
Johannesburg, South Africa Kapil Gupta
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Chapter 1 ®)
Introduction to Abrasive Water Jet Geda
Machining

1.1 History and Background

The cutting technology by a jet of water (high-pressure water erosion) was firstly
introduced in the middle of 1800s to cut rocks and for mining applications [1].
Many years later, sometimes around 1950, this technology was used for cutting soft
materials like paper. In the 1980s, abrasives as media were introduced in water jet to
enhance the process efficiency. Motion control systems and process flexibility were
the major developments as regards to this technology during 1990. Since then to
now, a series of developments to accomplish machining hard and brittle material,
manufacturing typical shapes and micro-products, cleaning and polishing, and for
developing biomedical, scientific, and electronic components. Electrochemical slurry
jet machining, AWJM with ice particles as media, innovations in nozzle design,
mixing polymer additives in abrasives, and process parameter optimization, etc.,
are some of the major aspects of research, developments, and innovations in this
technology [2].

1.2 AWJM Working Principle and Process Parameters

Abrasive water jet machining is an extended version of water jet machining where
abrasive particles such as aluminum oxide, silicon carbide, or garnet are contained
within the water jet with the purpose of raising the rate of material removal beyond
that of a water jet machine [3, 4]. Abrasive water jet machining process can be
employed to a wide range of materials that are soft from rubbers and foam to hard
brittles ones like metals, ceramics, and glass. With movements that are computer
driven, the cutting stream is therefore allowed to make objects efficiently and accu-
rately. Materials that are difficult to cut through thermal cutting or by laser cutting
can ideally cut through the AWJM process. Figure 1.1 illustrates the schematic of
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1.2 AWIM Working Principle and Process Parameters 3

AWIJIM system. A typical abrasive water jet system consists of a pump system of high
pressure, a catcher unit, abrasive feed system, a position control system, an abrasive
water jet cutting head, and a water supply system.

This manufacturing technique operates on the mechanical erosion principle in
which acceleration of abrasive slurry through a high-pressure fine jet is used to cut
the material of interest [3, 4]. Water jet velocity together with an abrasive is on
average equivalent to 300 m/s, while in other special applications the water jet and
abrasive velocity go up to 900 m/s. High kinetic energy of the mixture results from
the high velocity leading to rapid erosion of the workpiece targeted.

An abrasive water jet machine normally has an operating pressure of roughly
300-450 MPa, and this is sufficient to result in water jet velocity as high as 900 m/s.
A rise in kinetic energy of water jet mixture is due to an increase in water pressure,
leading to increased momentum that transfers to the abrasive particles, and the target
material is cut by the impact and momentum changes of the abrasive material [3,
4]. The high-velocity abrasive water jet possesses the ability to cut different types of
materials including metals, composites, ceramics, and rocks.

The removal of material occurs through erosion wear on the upper surface and
is then followed at lower regions of workpiece being cut by wear deformation [3—
5]. The schematic diagram in Fig. 1.2 illustrates the basic working principle with a
cutting head assembly of the AWJM process.

The operating principle of the abrasive water jet system is such that water is
pumped to high pressure by a high-pressure system that delivers it through the entire
system. The hydraulic oil is pressurized by a hydraulic radial displacement pump and
is then fed to an intensifier pump driven by the hydraulic oil, giving a carrier medium
for the abrasive material. The water pump pressure ranges from 150 to 450 MPa.
Transporting water from the pump at high pressure to the cutting head is done by
using the water supply system. Different types of valves and joints together with
high-pressure pipes make up the major elements of the system in supplying water.
Water flow rate can go up to 11 1 in a minute. The abrasive feed system is responsible
for mixing water and the abrasive particles.

The abrasive feed system is made up of a delivery hose, a metering valve, and an
abrasive hopper. Abrasive particles are transported to the abrasive inlet on the nozzle
assembly from the metering valve through the delivery hose. An ON/OFF switch
is the function of the metering valve by controlling the abrasive mass flow rate. A
container used to store abrasives is considered to be the hopper. To achieve optimal
cutting efficiency, it is necessary that the distance between the abrasive hopper and
nozzle assembly must be minimal.

The cutting head otherwise known as the nozzle assembly is made up of the fol-
lowing components mixing chamber, water jet nozzle, and an orifice. The nozzle
assembly otherwise known as the cutting head consists of a mixing chamber, an
orifice, and an abrasive water jet nozzle. The cutting head is for providing and con-
trolling the high-pressure water jet. It consists of diameters typically ranging between
1 and 5 mm, and the orifice is responsible for transporting the high-pressure water
into high-velocity water jet. Diamond and sapphire are some most commonly used
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Fig. 1.2 Working principle of AWJM [1]

materials for an orifice [4, 5]. A diamond orifice typically lasts up to 2000 h, while
the sapphire orifice can only work for 200 h. A space where the abrasive particles
and water are mixed and entrained by vacuum suction is where the mixing chamber
is placed in between the nozzle and orifice.

Preceding the mixture of the water jet within the mixing chamber is the accel-
eration of abrasive particles through the nozzle. The basic material of the nozzle is
tungsten carbide. One way to obtain cutting performance that is optimal is through
inflexible requirements for nozzle length and diameter. If the nozzle diameter is pre-
determined on the basis of the orifice diameter, this then dictates that would roughly
be 2.5 up to 5 times the size of the diameter of the orifice. It is important that the
nozzle length is accurate because a shorter than required nozzle length prohibits the
assurance of required acceleration of the abrasive particles, whereas a longer than
required one can lead to excessive wear rate due to passing abrasive water jet, which
will also cause a loss in momentum.

The principle of mechanical erosion is a mechanism of which abrasive water jet
machining uses to remove or cut material from a workpiece. This principle is based
on abrasive particles mixed with a high stream of water jet velocity to target a given
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specimen [4, 5]. The specimen is under high stress due to kinetic energy that converts
into pressure energy, and particles from the target material are inevitably removed
as the induced stress reaches a peak point.

There are several important processing parameters of abrasive water jet machining
that contribute to the effectiveness, performance, and efficiency of the AWJM process.
The important AWJM parameters are as follows [1, 5]:

e Abrasive Type: In the process of abrasive water jet machining, the type of abrasive
used is found to be the most important parameter as it is directly linked to the rate
of material removal and the accuracy of machining. Hardness is normally the
basis of selection when it comes to choosing the abrasive type; as such, the harder
the material the harder the abrasive particle. The machining accuracy and rate
of material removal are also critical parameters of the abrasive type. In general,
sodium bicarbonate, glass beads, garnet, silicon carbide, aluminum oxide, silica,
glass beads, and crushed glass are some of the most widely used abrasive types
in the abrasive water jet machining process. For polishing, cleaning, and etching
operations, dolomites and glass beads are most commonly used. Surface roughness
can significantly be reduced through the use of harder abrasive materials, while on
the other hand it also increases the rate of material removal of which subsequently
reduces the process time. A few of the widely used abrasive types are illustrated
in Fig. 1.3.

e Abrasive Grain Size: In abrasive water jet machining process, a significant role is
played by the size of the abrasive particles or grain size. Fine particles are generally
used for polishing and finishing operations, while the coarse grain particles are
normally used for the cutting process. Moreover, smaller mesh number abrasives
tend to have greater size in the average value of the particle and much less particles
per unit weight. Figure 1.4 represents fine and coarse grain particle sizes used in
AWJM.

o Water Jet Pressure: Flow of the abrasive depends on the pressure of water in
order to cut the workpiece in AWJM. Kinetic energy of abrasive particles tends to
rise with the increase in pressure of water and consequently raising the particles’

(a) Garnet (b) Silicon Carbide (c)  Aluminium Oxide
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(a) Coarse Garnet (b) Fine Garnet

Fig. 1.4 Coarse and fine abrasives

ability to removal material while decreasing the surface roughness, and the overall
process duration is lowered. Surface quality is therefore improved as a result of
higher water pressure as it drives up particle velocity and fragmentation within
the abrasive nozzle. However, if the pressure of water is too high, it may generate
a negative impact on the material. Extreme pressure of water leads to abrasive
particles losing their ability to cut when they become too fragmented. In effect,
a very high value of water pressure boosts the material removal rate (MRR),
reduces the process time and yet increases surface roughness. Particle velocity is
determined by the process through the water jet pressure; 450 MPa is the allowable
high pressure; however, the normal range is between 100 and 300 MPa.

o Standoff Distance: One other significant parameter in abrasive water jet machin-
ing process is the standoff distance (SoD). The standoff distance is the space
existing from the work surface to the tip of the nozzle. A larger standoff distance
gives the jet the opportunity to expand prior to impinge the work surface. This
larger standoff distance results in an increase in jet diameter during the cutting
process which then leads to a reduction in the kinetic energy of the jet at impinge-
ment and therefore inefficient cutting and poor part quality. The deformation wear
zone of material removal is influenced by the decrease in standoff distance and
depth of cut. It is therefore more preferable to a low value of the standoff distance
as it yields a smoother surface as a result of higher kinetic energy which finally
increases the cutting process efficiency.

e Abrasive Mass Flow Rate: Cutting efficiency is directly linked to the abrasive
mass flow rate in the abrasive water jet machining process. It is the rate that
the abrasive flow of particles involved in the cutting and mixing process. The
depth of cut also increases proportionally as a result of increased abrasive flow
rate. The jet can easily cut through a workpiece and consequently enhancing cut
surface smoothness and a greater rate of material removal when the flow rate of
the abrasive is increased.
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Traverse Speed: The rate at which a nozzle head travels on the material being
worked to achieve the process of machining. Less abrasive particles can attack
the surface while increasing the rate of material removal, and a decrease in cut
time results from high rate of traverse speed with reduced machining action. This
ultimately degrades the quality of the surface. Thus, for good quality surface finish,
it is important to lower the traverse rate.

1.3 Advantages, Limitations, and Applications of AWJM

The advantages offered by abrasive water jet machining technique are manifolds [1,
4]:

e It is an extremely versatile process suitable for a wide variety of materials.
e Unlike other advanced machining processes such as laser cutting and electric

discharge machining-based processes, there are no heat-affected zones.

Process offers high flexibility and independent of materials hardness and conduc-
tivity.

The process needs low machining force.

There is minimum material waste as a result of the cutting process.

There is a lower likelihood of contamination of the environment.

There is no requirement of lubricating or cooling oil in this process.

During cutting, the process yields no toxic fumes and is thus regarded to be a green
or an environmentally friendly process.

On the other hand, there are some limitations of this process, which are as follows:

e The capital cost of the process is quite high.
e There is high noise during the process.
e Some parts of the equipment have short life spans, i.e., orifice and the nozzle which

increases the cost of overheads and cost of replacement to AWJM operation.
Inaccurate combination of process parameters choosing can result in undesirable
values of the geometry and surface roughness. Moreover, it leads to burrs that
necessitate secondary finishing operations.

There are various potential applications of AWJM. A few industries can immedi-

ately benefit from AWJIM technology due to the performance of the abrasive water jet
economically and technically. Over the past few decades, abrasive water jet machin-
ing process was broadly utilized in different business sectors such as coal min-
ing, manufacturing industry, civil and construction industry, food processing sector,
cleaning and electronic business sectors. However, AWJM technology is mainly used
in automotive, aerospace, mining, electronics and food industries, and some of the
specific applications are discussed below [1, 4].
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In the automotive industry, the technology is used to produce parts including but
not limited to fiberglass body components, inside trimming like door panels, trunk
liner, head liners and on the outside bumpers. Moreover, in electronic industries,
AWIM is used to manufacture circuit boards and cable stripping.

Within the aerospace business sector, the technology is used to produce military
aircraft body parts made from titanium, aluminum body parts, inner compartment
parts plus engine components (stainless steel, titanium, aluminum, and heat-resistant
alloys). AWJIM technology has been primarily used for cutting materials regarded as
“difficult to cut.”

Abrasive water jet machining benefits the coal mining commerce sector through
its ability to cut metals in a safe manner even in underground areas that may be
potentially explosive.

In construction industry, abrasive water jet machining can be used in a number
of useful applications including reinforced concrete cutting.

Within the electronic commerce space, the abrasive water jet cutting process is
widely used for circuit boards cutting to make smaller pieces from a big stock.
Water jet cutting of a minuscule kerf can easily be achieved with very little waste of
materials. The water jet is able to cut to a tolerance near the required without causing
any damage to parts that are fixed on the circuit board due to concentration.

An abrasive water jet machine can quite easily be fitted into a ship for offshore
cutting system works in the gas and oil industry. Rescue operations, repairs, pipe
cutting, platform cutting including oil well deactivation through cutting of casing
some of the examples of use for AWJM with the industry of gas and oil.

The food industry may use this technology in preparation of food. The ice jet
cutting process can easily be applied to trimming meat fats and the cutting of bread.

1.4 Past Work on AWJM of Engineering Materials

Nearly, over the last three—four decades, a considerable amount of research has been
carried on and reported on AWJM of various engineering materials. Some of the
work on AWIM of various engineering material are discussed here as under.

Babu and Muthukrishnan [6] conducted an investigation on AWJM of brass 360.
Taguchi L,; orthogonal array-based experimental study where pump pressure, abra-
sive flow rate, standoff distance, and feed rate were found to significantly influ-
ence the surface finish. Optimal set of AWJM parameters, i.e., abrasive flow rate—
75.37 g/min; pump pressure—399 MPa; standoff distance—1 mm; and feed rate—
557 m/min, was obtained for optimum average roughness 5.19 um. A study on
surface roughness of aluminum alloy (AA 6351) when machining by AWIM was
conducted by Babu et al. [7] where tremendous improvement in surface quality was
achieved by increasing abrasive mass flow rate.

Wonder metal titanium and superalloy Inconel which are recognized as difficult-
to-machine materials have also been machined by AWJ process. A detailed per-
formance analysis.of AWJM process patameters while machining Ti grade 5 was
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conducted by Vasanth et al. [8]. They found a strong relationship between abrasive
mass flow rate and surface quality, especially roughness. Low mass flow rate with
low standoff distance was recommended for better surface characteristics. During
drilling and slotting of Ti-6Al-4V, traverse speed was identified as the most significant
parameter affecting geometric characteristics of hole [9]. Similarly, blind pockets on
Inconel superalloy for various industrial applications were fabricated by Bhandarkar
et al. [10] using AWJM. Few available studies on machinability investigation and
optimization on AWJM of Inconel identified standoff distance and water jet pressure
as the parameters significantly affecting surface properties [11, 12].

Kevlar composite machining by AWJM was investigated by Siddiqui et al. [13]
where 3.9 wm average roughness was achieved at water jet pressure—375 MPa,
abrasive flow rate 300 g/min, and quality level 6. Another important research reports
the successful machining of green composites by AWIM [14]. A detailed analysis,
modeling, and optimization found the suitability of AWJIM for quality machining of
green composites.

Ruiz-Garcia et al. successfully cut quality straight cuts and holes in aluminum
and composites [15]. Their investigation found the elimination of thermal damage
and hence delamination of CFRP after machining by AWJM with high geometric
accuracy of the parts. Jayakumar investigated the machinability of Kenaf/E-glass
fiber-reinforced hybrid polymer composites under AWJM [16]. He obtained opti-
mum set of AWJM parameters, i.e., water jet pressure: 255 MPa, abrasive flow rate:
0.275 kg/min or 4.6 g/s, SOD: 1.9 mm and traverse speed of 0.26 mm/min for the
best values of average surface roughness—3.254 pm and kerf—0.255 mm. In an
interesting study, Madhu and Balasubramanian engineered quality holes in CFRP by
varying nozzle design in AWJM [17].

Xu and Wang studied the effect of nozzle oscillation on surface quality while
machining alumina ceramic by AWIM [18]. Abrasive water jet cutting of silicon
nitride ceramic is conducted by Ghosh et al. using silicon carbide abrasives [19].
The surface roughness was found to increase with increase in water jet pressure
and decrease in abrasive mass flow rate. Some of the results of the investigation
conducted by Unde et al. on AWJM of CFRP laminate reveal that laminate with
low fiber orientation gives better results in terms of low kerf, high MRR, and better
surface properties [20].

Various components such as micro-hard disk and memory card strips for elec-
tronics applications were successfully cut and fabricated by AWJIM [21]. Pal and
Choudhury used AWJM for fabrication of micro-pillars of good surface quality from
different materials such as titanium alloys, aluminum, and stainless steel [22]. Pillars
of different aspect ratios were achieved varying height in the range of 265-720 pm
and taper ratio in the range of 10-15°.

Furthermore, abrasive water jet machining has also been used for polishing
(of hard brittle materials) and cleaning applications [23]. Downsizing of AWJM’s
nozzle and orifice system efficiently helped for micromachining of precision thin
structures and manufacture of micro-heat sinks [24]. The thickness of heat sinks
or fins manufactured by AWIM varied from 150 to 700 pm. In an important
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recent attempt, micro-holes and micro-channels have successfully been fabricated in
amorphous glass by AWJM machining technology [25].

Some literature also indicated about the green and sustainability aspects of abra-
sive water jet machining process [26—28]. For example, reduced wastage, no heat-
affected zone, low environmental contamination, and no cutting fluid requirement
make this process to be known as a sustainable process and can be further explored as
a sustainable alternate to other conventional and advanced processes. An important
recent study on the fabrication of miniature spur gears of brass by AWJM recognizes
it as a sustainable process to produce quality products, at high productivity and with
sustainability [29, 30]. However, sincere future attempts are required toward finding
sustainable abrasives and their recycling, and lifecycle engineering and analysis of
AWIM for machining of different engineered products from various materials.

Some experimental studies conducted by the authors on abrasive water jet machin-
ing of various engineering materials are discussed in the subsequent chapters of this
book.
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Chapter 2 ®)
Abrasive Water Jet Machining oo
of Metallic Materials

2.1 Introduction

Machining materials to the desired part geometry utilizing conventional machin-
ing (CV) processes (turning, milling, grinding, shaping, and so on) possess few
limitations such as heat-affected zone and require designing cutting tool for every
work material and applications [1]. In addition, complex part geometries coupled
with high surface finish and dimensional accuracy may not be machined economi-
cally with CV processes [1]. The cutting fluids reduce the negative impact of heat
generated at the cutting zone, tool life, residual stresses, and surface finish of CV
processes [2]. The extensive benefits with cutting fluids must be balanced with the
associated cost, health, and its disposal. Note that, cutting fluids account for approx-
imately 7—17% of total machining cost [3]. The estimated cost may even rise to 30%
for compensating the losses (vapor losses, leakage, loss with machine components,
maintenance for cleaning and drying system) incurred while performing machining
[4]. Furthermore, it is estimated that 80% of machining industries are facing serious
health diseases due to the negative effect of cutting fluids [5]. Sustainable (environ-
mental, social, and economically viable) machining methods are in great demand to
limit the disadvantages of conventional machining methods [6].

In the last two decades, there has been a tremendous increase in research devel-
opments and innovations in the area of non-traditional or advanced machining tech-
niques to find a suitable alternate of conventional machining processes. Advanced
machining processes such as electrical discharge machining (EDM), laser beam
machining (LBM), electron beam machining (EBM), and abrasive water jet machin-
ing (AWJM) offer significant benefits when machining complex geometries [1]. But
on the other hand, there are certain inherent limitations of these processes. EDM
possess a few challenges such as workpiece, and tool material must be a good con-
ductor of electricity. In addition, EDM uses dielectric fluid to flush away the debris
or chips formed from the cutting zone which not only accounts to additional cost
but also generates the toxic fumes and gasses during machining [7]. LBM and EBM
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machining processes use thermal energy to cut parts possessing a wide range of indus-
trial applications. Thermal energy machining processes undergo localized heating
which causes thermal damage on the work material, which not only affects the assem-
bly tolerances but also reduces the long-run performances as a result of poor surface
finish [8, 9]. In view of the above, AWJM that can also be recognized green machin-
ing technology offers both industrial and societal benefits for the production of parts
that are economically feasible by minimizing the pollutants and risk to human health
and environment.

Green machining or sustainable machining technology offers significant benefits
such as to conserve and improve natural ecosystem, reduce natural resources deple-
tion, improve the waste management system, inhibit the generation of pollutants, and
protect human health [10]. Green machining refers to processing raw materials to fin-
ish part geometry with minimum or no negative impact on the environment, personal
health, productivity, and society [10, 11]. Green machining is also treated as an inte-
gral part of Industry 4.0 [12]. The green color generally represents the nature which
in turn to plants and vegetables, whereas in manufacturing sectors green term refers
to the environment or eco-friendly [13]. The AWJM performs machining under the
influence of water and abrasive particles, which facilitates environmentally safe and
eco-friendly machining process [ 14, 15]. The AWJM process finds major applications
in machining almost all ductile and brittle materials (metal, polymers, plastics, wood,
glass, stones, composites, ferrous and nonferrous metals) including difficult-to-cut
materials (hardness above >45 HRC), thin sheets, foils, textiles, honeycomb, and
leather materials usually by erosion [14]. Compared to other non-conventional pro-
cesses, the AWJM technology offers significant advantages, such as minimized setup
times; repeatedly, same tool can be used to perform machining different materials,
comparatively faster machining, dustless machining which does not pollute environ-
ment and affects health, does not undergo plastic deformation and thermal stresses
during machining and ability to cut thick-sectioned materials [15-18]. AWJM pro-
cess is capable to cut complex geometries, but the process efficiency in terms of
quality of machined surface, rate of material removal, energy consumption, and cost
vary with respect to influencing process variables [19].

Hence, the present chapter put forward the experimental investigation of green
abrasive water jet machining on AISI 304 grade steel material. For this, five process
parameters, namely abrasive grain size (A), abrasive flow rate (B), nozzle speed
(C), working pressure (D), and standoff distance (E), are used to know the green
machining attributes like MRR, process time (PT), surface roughness (SR), and
process energy (PE). Experimentation is done using Taguchi (L,7) orthogonal array
to study the influence of each process parameters on the green machining parameters.
Further, the effect of each machining parameters of AWJM on the green attributes
or responses is analyzed using parametric analysis. In addition, regression analysis,
ANOVA, and empirical models are done to show the statistical significance of the
green machining process and for optimum prediction of the green attribute of AWJM
process, respectively. Finally, confirmatory tests are performed to verify results with
experimental results.
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2.2 Material and Method

2.2.1 Material Specimen

AISI 304 steel material possessing 10-mm-thick plate was used for the present work.
The chemical composition of AISI 304 steel material is listed in Table 2.1. The AISI
304 steel material mechanical and physical properties are presented in Table 2.2.
Grade 304 is the most versatile and widely used stainless steel possessing excel-
lent forming and welding characteristics. In addition, excellent corrosion resistance
showed the materials used for a wide range of products and forms. The stainless steels
(AISI 304) also possess a greater ability to withstand strength at elevated tempera-
ture and offers greater resistance to oxidation. Typically, AISI 304 showed numerous
applications in aerospace, automotive (heat exchangers, threaded fasteners, springs,
engine parts, etc.), electronic industries, and food processing equipment’s (such as
beer brewing, winemaking, and milk processing).

Table 2.1 Chemical composition of AISI 304 steel material

Material composition Value
C 0.08
Mn 2

Si 1

Cr 18-20
Ni 0.8-12
P 0.045
Si 0.03

Table 2.2 Mechanical and physical properties of AISI 304 steel material

Mechanical properties | Units | Value | Physical properties Units Value
Tensile strength MPa | 515 Density kg/m? 8000
Yield strength of 0.2% | MPa | 205 Poisson’s ratio - 0.27-0.3
Elongation % 40 Elastic modulus GPa 193
Rockwell hardness HRB 96 Thermal conductivity at W/mK | 16.2
100 °C
Brinell hardness HB 150 Specific heat 0-100 °C J/kg K 150
Electrical resistivity n2 m 720
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2.2.2 Experimental Details

The CNC Abrasive Water Jet Cutting Machine (make: DARDI International Cor-
poration Ltd., China) also know a green machining process was used to conduct
experiments and collect input—output data (refer Fig. 2.1).

The machine-related parameters such as designed pressure, discharge rate, and
orifice diameter were maintained to a constant value of 3800 bar, 2.31 1/min, and
0.25 mm, respectively. Abrasive slurry was prepared under room atmosphere condi-
tions, by mixing with an appropriate combination of distilled water and the Garnet
abrasive material (80 [~240 pm]). During experimentation, the inputs of the AWJM
machine such as voltage, current, and nozzle angle are kept fixed to 300 V, 20 A,
and 90°, respectively. Experiments were conducted on the work specimen of size
possessing the dimension of 300 mm x 115 mm x 10 mm. In the present work, five
parameters such as abrasive material grain size, standoff distance, working pressure,
nozzle speed, and abrasive mass flow rate have been varied at three levels (Table 2.3),
and experiments have been designed using Taguchi (L.27) orthogonal array. A square

Fig. 2.1 a AWM experimental setup, b AWJM nozzle head system

Table 2.3 Machin.ing Control factors Units Levels (1,2 and 3) | Notation
parameters and their levels of
green machining (i.e., Abrasive grain mesh 60, 80 and 100 A
AWIM) process size
Standoff distance mm 1.5,2.5and 3.5 B
Working pressure | MPa 150,225 and 300 | C
Nozzle speed mm/min | 125,175and 225 | D
Abrasive mass gfs 3,5and 7 E
flow rate
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through cut of 20 by 20 mm? was made during each experiment. Each experiment
was performed three times and their average values of manufacturing parameters like
MRR, SR, and process time (PT) and environmental parameters like process energy
(PE) in the analysis (Table 2.4).

During experimentation, response or green parameters (i.e., MRR, SR, PT, and
PE) were evaluated using the following expressions:

W — Wi
MRR = —f (2.1)
Cr
60
-— (2.2)
MRR
PE=PTxV x1I (2.3)

where W; and Wy are initial weight and the final weight; Cr is the machining time
in min; V is the voltage in volt, and [ represent current supplied in amp; MRR is the
material removal rate, and PE is the process energy.

Thereafter, machined surfaces were measured using surface profilometer (make:
Tokyo Seimitsu Co. Ltd. Model: Handysurf E-35B) to determine the SR. At last, the
collected output parameters were transformed into S/N ratio data depending on the
desired quality characteristics. Note that, the larger-the-better criterion is selected
for the green parameter, i.e., MRR and smaller-the-better green parameters, i.e., PT,
PE, and SR, respectively. Table 2.5 presents the S/N ratio values of the response or
green parameters correspond to AWJM process.

1
S/NLarger»lhe»better =-10 10g I’_l (yz) (24)

1
S/NSmallerfthefbetter =-10 10g ; (1/y2) (25)

2.3 Results and Discussion

2.3.1 Parametric Analysis

Figure 2.2 depicts the influence of variation in main machining parameters, i.e., A,
B, C, D, and E on green responses like MRR, PT, SR, and PE of AWJM process was
studied. It has been observed that an increase in mesh number or decreasing the size
(i.e., diameter) of the abrasive particles the surface quality improves drastically. This
is attributed to the coarse size (mesh 60) abrasive particle resulted in faster cut and
generate rough surface [20]. Coarse size (large size) abrasive particles hit the work
material at greater impact force which tends to remove the surface of the material
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Fig. 2.2 Main effect plots of responses: a SR, b MRR, ¢ PT, and d PE

by generating more damaged surface texture. It was also observed that the surface
finish improves up to 2.5 mm of standoff distance and thereafter showed decreasing
trends. Important to note that, the influence of standoff distance on surface roughness
is found negligible (refer Fig. 2.2). The kinetic energy density of the jet at the point
of impact with the workpiece material reduces as a result of increased jet diameter
with the presence of air drag [21]. An increase in working pressure causes increased
abrasive fragmentation within the nozzle and prevents spreading water leaving the
jet, which favors toward positive impact on surface quality. The similar trend results
were observed in the research investigations by Kovacevic [20]. Increased abrasive
mass flow rate tends to decrease the surface roughness might be due to the increased
interface between a large number of abrasive particles reduces the impact force as a
result of altered impact angle and reduced velocities [22]. There will be an observed
increasing trend of surface roughness with an increase in nozzle speed (refer Fig. 2.2).
This occurs due to the kinetic energy of the abrasive particle that improves with the
negligible overlap, which in turn possesses higher impact force and thereby reduces
surface quality [14].

The main effect plots of input variables on the responses (MRR, PT, and PE) are
presented in Fig. 2.2. It was observed that low values of grain size of abrasive particle
resulted in higher MRR, low process time, and process energy. This is attributed to the
smaller mesh (i.e., 60) size resulted in coarse-sized abrasive particles which possess
major impact that covers or hit the larger surface area on which the material to cut
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causes higher MRR. The trend of abrasive grain size over material removal rate is
found to be in good agreement with the results of machining aluminum alloy [23]. It
was observed that nozzle speed and standoff distance have less impact on the material
removal rate. Note that, with increase in standoff distance the material removal rate
decreases due to spreading of a water jet in the air as the distance accelerates tend
to break up the water in the form of droplets results in decreased erosion rate. MRR
showed an increasing trend with traverse rate due to the increased intermolecular
forces and energy causes to shear initially the work material leads to erosion from
the surface to be machined [24]. As the working pressure increases, the abrasive
particle fragmentation increases within the nozzle as a result of increased water flow
rate. The breaking of abrasive particles to smaller size results in low impact forces and
contact surfaces. Increase in abrasive flow rate tends to increase the kinetic energy
of the water jet results in deeper penetration of the abrasive particles tends to form
initial cracks followed by removal of work material in the form of chips resulted in
higher MRR [25, 26]. It was also observed that beyond the critical abrasive flow rate,
the material removal tends to decrease, which might be due to the fragmentation of
abrasive particles at the higher kinetic energy of water flow rate.

The PT and PE were computed based on the material removal rate data infor-
mation. Therefore, the main effect plots of various input factors obtained for MRR
remain identical with the PT and PE (refer Fig. 2.2a—d). However, to optimize pro-
cess according to industry requirements the material removal rate must be maximized
while minimizing the processing time and energy consumption. Therefore, MRR has
shown an inverse relationship with PT and PE. Thereby, conflicting requirements
need to be met while optimizing multiple objective functions.

2.3.2 Regression Analysis

Additionally, this research also carried out the regression analysis and ANOVA for
statistical significance. The effect of machining parameters on the response (green)
parameters MRR, SR, PT, and PE is determined by developing an empirical model
for predicting the response values of AWJIM process. The regression equations for
response (green) parameters like MRR, SR, PT, and PE are listed in Egs. (2.6)—(2.9),
respectively.

MRR = 816.3 —4.033A — 8.7B — 0.538C 4 0.283D — 13.61E (2.6)

PT = —0.0486 + 0.002227A 4 0.00172B + 0.000353C
—0.000361D + 0.00906 E 2.7)

PE = —292 + 13.36A + 10.3B +2.117C — 2.16D + 54.3E (2.8)
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SR =3.122 — 0.01648A 4 0.0167B — 0.001609C + 0.01600D — 0.0401FE
(2.9)

wherein Eq. (2.6) for MRR shows that parameter nozzle speed (D) poses a positive
effect for MRR while other parameters pose negative effects. In Eq. (2.7), for PT
shows that abrasive material grain size (A), stand of distance (B), working pressure
(C), and abrasive mass flow rate (E) poses positive effect, and parameter nozzle speed
(D) poses a negative effect on PT. Similarly, the same pattern of effect is found for
PE, i.e., abrasive material grain size (A), stand of distance (B), working pressure (C),
and abrasive mass flow rate (E) poses positive effect, and parameter nozzle speed
(D) poses a negative effect on PE. On the other hand, for SR (Eq. 2.9) shows that the
abrasive material grain size, working pressure, and abrasive mass flow rate have a
negative influence, whereas standoff distance and nozzle speed poses positive effect
with surface roughness.

The factor that influences toward statistical significance and model adequacies
developed were tested for the preset confidence level set at 95% utilizing analysis of
variance (ANOVA). In ANOVA, the coefficient of determination (R?) and adjusted R?
is determined to know the developed model statistical adequacies. Fisher’s statistical
test (F ratio) and statistical probability (P-value) are used to know the most influenc-
ing parameters and the statistical significance toward response variables, respectively.
Larger F-statistic value of a parameter dictates the most significant parameter, while
the P value (P < 0.5) determines the parameter that is statistically significant. The
R? value signifies the ratio of the sum of squares of regression and the total sum
of squares which explain the variation in the response. The values of R? vary in
the ranges from O to 1. Larger the R? value (i.e., close to 1) corresponds to a more
statistically significant model. Excluding insignificant terms by the model through
backward elimination method to fit the regression model signifies the adjusted R?
value. Note that, the non-contributing terms need not be removed from the model,
as it not only resulted in an imprecise input—output relationship but also reduces the
prediction accuracy.

The parameter significance and percent contribution of factors tested on the dif-
ferent responses (MRR, PT, and PE) by utilizing the analysis of variance and the
results are provided in Tables 2.6 and 2.7, respectively. The result shows that abra-
sive material grain size (A) found to have major contribution followed by working
pressure (C), abrasive mass flow rate (E), standoff distance (B), and nozzle speed
(D). Note that, the influence of nozzle speed (D) is found to have a negligible impact
(as their P-value is less than 0.05) on MRR, PT, and PE. The coefficient of deter-
mination and adjusted R* value was found equal to 0.891 and 0.823, respectively.
Therefore, the models developed for the responses (PE, PT, and MRR) are found to
be statistically adequate for prediction and optimization. The optimal levels for the
responses (MRR, PE, and PT) are found to be A1 B;CD3E>.

Similarly, the percent contribution of parameters (A, B, C, D, and E) toward SR
is estimated. The parameter abrasive material grain size (A) resulted in the highest
contribution as their F-value and sequential sum of squares are found to be higher. Itis
important to note that, the abrasive material grain size followed by working pressure
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Table 2.6 ANOVA for different responses—SR, MRR, PT, and PE

Details DF | Seq.SS | Adj.MS | F-value | P-value | % contribution
Responses SR

Abrasive material 2 63.83 31.9148 | 80.31 0.000 65.37
grain size

Standoff distance 2 2.794 1.3971 3.52 0.054 2.86
Working pressure 2 9.640 4.8202 | 12.13 0.001 9.87
Nozzle speed 2 7.573 3.7865 9.58 0.002 7.76
Abrasive mass flow 2 7.455 3.7274 9.38 0.002 7.63
rate

Residual error 16 6.358 0.3974 6.51
Total 26 97.65

Responses MRR, PE, PT

Abrasive material 2 85.320 42.660 38.47 0.000 52.31
grain size

Standoff distance 2 14.077 7.038 6.35 0.009 8.63
Working pressure 2 22.536 11.268 10.16 0.001 13.82
Nozzle speed 2 6.876 3.438 3.10 0.073 4.22
Abrasive mass flow 2 16.546 8.273 7.46 0.005 10.14
rate

Residual error 16 17.743 1.109 10.88
Total 26 163.097

(C), nozzle speed (D), and abrasive mass flow rate (E) is statistically significant listed
according to their paramount importance (refer Table 2.6). Note that, the P-value of
standoff distance is found greater than 0.05 (i.e., insignificant), which indicates their
influence on surface roughness is negligible (refer Table 2.6). Furthermore, the R?
values (including all parameters) that correspond to surface roughness were found
equal to 0.891 and the adjusted R* (excluding standoff distance) value was equal
to 0.823. The above tests proved to be an effective tool for the developed model
toward this response. The optimal levels for the surface roughness are found to be
A3B,C3D1Ej3.

2.3.3 Modeling and Optimization

The modeling of AWJM under manufacturing and environmental scenarios is done
using DEAR method [14]. Work optimized the AWJM parameters under two
conditions: first—determination of optimal conditions considering manufacturing
parameters like MRR, SR, and PT and second—determination optimal conditions
considering environmental parameters like PE. In optimization, response/output
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parameters like MRR, SR, PT, and PE are considered as criteria while experimental
runs which contain the input parameter [abrasive material grain size (A), standoff
distance (B), the working pressure (C), nozzle speed (D), and abrasive mass flow
rate (E)] variation alternatives.

During optimization, first, the development of decision matrix is done which
includes a number of criteria as response parameters and a number of operating/input
parameter setting as alternatives. The experimental result as provided in Table 2.4
is taken as a decision matrix in this case. Second, the determination of weights for
each of the AWJM process parameters is done using Eqs. (2.10-2.13) [27, 28], and
the results are provided in Table 2.8.

WMRR = & (2.10)
> MRR
_ (sg)
Wsr (2.11)

> (l/ SR)
(Y/pr)

Wepr = —— 2 2.12)

5 (Yer)
(/pE)

Wep = —— 2 (2.13)

> (/pE)

After that, the formulation of weighted decision matrix and determination of
MPRI values for each of the AWJM output parameter is done using Eqgs. (2.6-2.8)
[27, 28], and the results are provided in Table 2.8.

M
MPRI= — — (2.14)
(S+P+T)

Thereafter, percent (%) contribution of individual parameters is determined with
abrasive grain size (66.51%) being the most dominated factor followed by working
pressure (14.46%), abrasive mass flow rate (8.83%), standoff distance (9.90%), and
nozzle speed (0.31%), respectively. This indicates the nozzle speed found to have
least significant factor considering all output functions. Note that, A{B;C1D3E;
be the optimal levels for the abrasive water jet machining process to improve the
performances of multiple outputs (refer Table 2.9).
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Table 2.9 Pareto ANOVA for the combined responses (SR, MRR, PE, and PT): DEAR

Factors Levels | A B C D E Total
The sum at factor 1 4.6484 | 3.4885 3.7289 | 2.8935 | 3.2509 8.900
levels 2 24293 | 23520 | 2.7989 | 2.9232 | 3.3074

3 1.8223 | 3.0595 2.3722 | 3.0833 | 2.3417
Sum of squares of 13.280 1.976 2.887 0.063 1.762 19.968
differences
Percent 66.51 9.90 14.46 0.31 8.83 100
contribution
Optimal levels A1B1C1D3E,

Bold values indicates: *Optimal Values

Table 2.10 Confirmatory results

Models | Optimal levels | Optimal machining parameters | Optimal response (green)
parameters
DEAR | A1B|C1D3E; | A: 60 mesh SR: 1.84 um
B: 1.5mm MRR: 468 mm®/min
C: 150 MPa PT: 0.128 s
D: 225 mm/min PE: 769 W
E: 5¢g/s

2.3.4 Confirmation Experiments

After the optimization, work is also carried out the confirmatory analy-
sis/experimentation to confirm the results obtained via DEAR method. The confirma-
tory tests are performed based on the optimal setting obtained using DEAR method,
and the confirmatory results are provided in Table 2.10. Important to note that the
optimal levels recommended by the DEAR method are not among the combination
of L7 orthogonal array experiments of Table 2.4. This occurs due to the multifactor
nature of Taguchi experimental design (i.e., 3% = 243). It is also observed that opti-
mal values obtained via confirmatory experiments found acceptable and satisfactory
with that of the experimental results.

2.4 Summary

The sustainable machining method (i.e., AWJM process) for machining of AISI 304
steel is presented in this research work. Taguchi L,; orthogonal array experiments
are conducted for to study the most influencing variables [abrasive grain size (A),
nozzle speed (B), abrasive mass flow rate (C), working pressure (D) and standoff
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distance (E)] on the green parameters (MRR, SR, PE and PT). Based on the experi-
mental results, parametric analysis, regression analysis, and optimization following
conclusions are drawn from the present work.

e From the parametric analysis, abrasive grain size (A) showed the most dominating
effect compared to the other parameters for ANSI 300 stainless steel. In order to
get optimal performance parameter, abrasive grain size needs to be set lower level
during the machining of C in AWJM process.

e Optimal setting A3B,C3DE3 for SR and A;B,CD3E; for MRR, PT, and PE are
obtained for AWJM (green machining) process.

e The overall optimal setting obtained is A B1C1D3E>_ i.e., A (60 mesh, level 1), B
(1.5 mm, level 1), C (150 MPa, level 1), D (225 mm/min, level 3), and E (5 g/s,
level 2). The corresponding green attributes obtained are SR as 1.84 um, MRR as
468 mm>/min, PT as 0.128 s and PE as 769 W.

e The optimal setting provides optimal responses such as the higher MRR, lesser
PT, smoother SR, less consumption PE which has less influence on a generation
of environmental issues aroused during the machining of ANSI 300 stainless steel
in AWJM (green machining) process.

e Statistical significance of the data is done via ANOVA and regression analysis. It
is found that the results are found to be statistically significant and follow a normal
distribution and the normality assumption is valid.

e Confirmatory results for green parameters like MRR, SR, PT, and PE are found
closer to the experimental results and well within the considerable ranges and
satisfactory.

Finally, it is concluded that the AWJM a green machining process has potential
for machining of AISI 300 stainless steel under green machining environment. The
developed models and optimal parameter setting can be used for future references
while machining ANSI 300 stainless steel.
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Chapter 3 ®)
Abrasive Water Jet Machining oo
of Polymer Composites

3.1 Introduction

There has been an increased demand of polymer composites in various application
segments such as precision engineering, scientific, aerospace, automotive, tool and
die making, and household applications [1, 2]. To fulfill the demand, various forms
of polymer composites have been fabricated such as glass fiber reinforced polymer
(GFRP) composite, ceramic matrix composites (CMC), carbon fiber reinforced poly-
mer (CFRP) composite, natural fiber polymer (NFRP) composite [3]. From these,
NFRP composite is popular due to their greater properties of sustainability and eco-
friendly nature. The fiber and filler used for NFRP composite obtained from various
sources, i.e., pineapple, banana, flax, cotton, husk, bamboo, hemp, jute, and wood
[4]. Instead of this wood dust or wood filler-based composite is very cheap and
has larger industrial application. However, for large scale of application, machin-
ing of wood dust filler reinforcement polymer (WDFRP) or green composite (GC)
is highly essential [5]. The machining in the conventional technique and some of
the non-conventional machining create long-lasting problems. Due to their inter-
molecular structure, fibers pull out during drilling, poor surface roughness, improper
cutting, low productivity, etc. In addition, conventional or some non-conventional
processes generate various forms of wastages in the form of solid, liquid, and gaseous
wastages which result in serious occupational health and environmental issues during
the machining process. Hence, environmental friendly non-conventional machin-
ing processes are essential [6]. At present, various non-conventional or advanced
machining processes are available, namely laser cutting or laser beam machining
(LBM), ultrasonic machining (USM), wire-EDM (WEDM), and abrasive water jet
machining, for machining of various engineering materials [7]. The machining of
WDEFRP or green composite in EDM and WEDM is not applicable [8] due to the non-
conductive property of the material. Further, due to more ductility and low hardness
of the WDFRP composites, machining in USM is also not possible [9]. In the case
of LBM on WDFRP composites, the temperature of the beam badly affects mate-
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rial surface and this process burns the edges of cutting holes [10]. The AWJM is a
preferable method for machining of WDFRP composite material because the process
offers many benefits such as no thermal effect; impose low stress on the workpiece,
higher versatility and higher flexibility, less environmental contamination, no fumes
or aerosols generation, no wastage generation, hence AWJM sometime called as
environment friendly or green machining or green manufacturing process [5, 11].

The various researchers worked on the polymer composite but very few researches
done on machining of polymer composite specifically green composites under green
machining environment, i.e., using AWJM process. Oksman and Selin [12] inves-
tigated the elastic modulus of wood fiber which is approximately 40 times than
that of polyethylene and the strength about 20 times. Shaikh and Jain [13] found
that the problem of fiber pulls out, damage of work specimen in case of diamond
saw cutting while fiber curling and pulling in multiple directions with moisturizing
effect of natural fiber in case of water jet machining. Lemma et al. [14] studied the
effect of frequency of oscillation and the angle of oscillation on improving surface
quality of glass fiber reinforcement polymer (GFRP) composite in AWJM process.
Shanmugam et al. [15] examined the machinability of two composites, i.e., carbon
composite and fiber reinforced plastic for investigating the kerf characteristics and
surface roughness while machining by AWJM, plain water jet machining and laser
cutting. Ke et al. [16] performed the machinability study of novel composites, i.e.,
silicon wafer in abrasive water jet machining. Their investigation result identified
AWIJIM has potential to machine novel composites and obtains good surface quality.
Sasikumar et al. [17] employed AWIM process for machining of hybrid aluminum
7075 metal matrix composites to study dimensional deviation, i.e., kerf. Three differ-
ent percentage reinforcements, i.e., of 5, 10, and 15% of TiC and B4C (equal amount
of each), were employed and four independent parameters such as water jet pres-
sure, jet traverses speed, and standoff distance were studied to get optimal results.
Kalirasu et al. [18] investigated the mechanical and machining performance of glass
and coconut sheath fiber—polyester composites using AWJM process. The work used
Taguchi design for experimental design taking three independent parameters like a
stand of distance, abrasive particle size, and cutting force on two dependent param-
eters such as kerf taper angle and surface roughness. It was observed that machining
of coconut sheath fiber—polyester composites shows better machinability compare
to the glass composites. However, there is a scarcity of work on AWJM of WDFRP
composites.

Therefore, the present chapter aims to conduct experimental investigation on
machining on green composites, i.e., WDFRP composites by abrasive water jet pro-
cess. For this, four process parameters, namely standoff distance (SoD), working
pressure (WP), nozzle speed (NS), and abrasive grain size (AGS), are used to know
the green machining attributes like MRR, surface roughness (SR), and machining
time (MT). Experimentations are done using Taguchi (Lgy) orthogonal array to study
the influence of each process parameters on the green machining parameters. Fur-
ther, the effect of each AWJM parameters on the responses and surface quality of
the machined surfaces are analyzed using parametric and SEM images, respectively.
In_addition, regression analysis, ANOVA. and empirical models are performed to
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show the statistical significance of the green machining (i.e., AWJM) process and
for optimal prediction of the green attribute of AWJM process, respectively. Finally,
confirmatory tests are performed to verify results with experimental results.

3.2 Material and Method

In this work, WDFRP composite is prepared by using a natural filler such as Shagun
wood dust (SWD). Sundi tree is available easily in the northeast region of India.
Wood dust is collected when cutting Sundi tree wood. The main constituents of the
Sundi wood are cellulose, glucomannan, xylem, and lignin [19]. SWD with particle
size 400 pwm and density 0.779 g/cc is seen in Fig. 3.1a. SWD is washed by using
distilled water and placed in an electric oven for drying (Fig. 3.1b).

To prepare the workpiece samples, a dough that is epoxy filled with SWD was
mechanically stirred and gradually poured into vacuum glass chamber [3]. Before
that epoxy resin Araldite LY 556 having density 1.26 g/cm’ was mixed with harder
HYO951 in the ratio 10:8 by weight. For moisture removal purposes, the mixer was
cured for 24-48 h at room temperature. As shown in Fig. 3.1c, the prepared specimen
having dimensions 180 mm x 140 mm x 6 mm was used for AWJM [3]. Figure 3.1d
shows the AWJM CNC machine tool (DARDI International Corporation, China)

(a) | (b) ©
(d) | (e) ) @
W
&

|
Fig. 3.1 a Sundi wood dust, b electric oven, ¢ WDFRP composite specimen
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used in the present work. The discharge rate of 2.31 I/min and an orifice diameter
of 0.25 mm, designed pressure of 3800 bars, were taken during the experimentation
[14]. A voltage of 150 V, current 20 A, and nozzle angle 90° were the major inputs.
Abrasive material of type garnet with of size 210 pm, i.e., 70 mesh, 177 pm, i.e., 80
mesh, and 149 pm, i.e., 90 mesh, mixed with a distilled water at room temperature was
used as an abrasive slurry [12]. Throughout the experiments, the working specimen
(Fig. 3.1c) on size 180 mm x 140 mm x 6 mm was taken for machining.

The experiment is performed on WDFRP composite (Fig. 3.1e) by using an Ly
orthogonal array with the help of four input parameters such as SoD, WP, NS, and
AGS are depicted in Table 3.1, and the final machined specimen is ready for the
parametric analysis [14] as shown in Fig. 3.1f. Each experiment is performed with
three times, and the average value of a response parameter is taken for analysis [20]
as depicted in Table 3.2.

Following equations have been used to evaluate output parameters or responses:

Wi — W,
MRR = —_t (3.1)
MT

where W; and W; are initial weight and the final weight; MT is the machining time
in second; V is the voltage in volt; and I represent current supplied in amp; s of

Table 3.1 Input parameters and their levels of green machining (i.e., AWJM) process

Input parameters Symbol Units Level 1 Level 2 Level 3
Standoff distance SoD mm 1 2 3
Work pressure WP MPa 100 125 150
Nozzle speed NS mm/min 100 200 300
Abrasive grain size AGS mesh 70 80 90

Table 3.2 Experimental results of green machining (i.e., AWJM) process

Exp. Input parameters Output parameters
No. SoD WP NS AGS MRR SR MT (s)
(mm) (MPa) (mm/min) | (mesh) (g/mm) (pm)
1 1 100 100 70 2.53 0.128 0.171
2 1 125 200 80 11.15 0.116 0.288
3 1 150 300 90 26.54 0.105 0.613
4 2 100 200 90 23.35 0.133 0.392
5 2 125 300 70 4531 0.134 0.459
6 2 150 100 80 17.78 0.114 0.723
7 3 100 300 80 64.08 0.106 0.137
8 3 125 100 90 23.88 0.102 0.521
9 3 150 200 70 53.85 0.104 0.142

Ol LEN Zyl_i.lbl




3.2 Material and Method 37

the workpiece; MRR is the material removal rate, and MT is the machining time.
Thereafter, the machined surface was measured using surface profilometer (make:
Tokyo Seimitsu Co. Ltd. Model: Handysurf E-35B) to determine the SR. During the
analysis, the parameter MRR is taken as higher-the-better (HB) while SR and MT

are set to be smaller-the-better (SB) [21]. The results of the experiment are provided
in Table 3.2.

3.3 Results and Discussion

3.3.1 Parametric Analysis

3.3.1.1 Effect of Input Parameters on MRR

Figure 3.2a—d presents the variation of responses with AWJM parameters. From the
mean effect plot, a similar pattern of MRR is observed for the parameter SoD and NS.
In the case of SoD, MRR is increased (i.e., 13.40-47.27 g/mm) with increasing of
SoD (i.e., 1-3 mm) as shown in Fig. 3.2a. Because at the increases of SoD, increases
the jet flow radius of AWJM process and covers the larger area for the impact which

(a) (b)
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Fig. 3.2 a Mean of SoD versus MRR, b mean of WP versus MRR, ¢ mean of NS versus MRR,
d mean of AGS versus MRR
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results in an increase of MRR as seen in Fig. 3.2a [7, 22, 23]. Similarly, in the case
of NS, the rate of MRR is found to be same as SOD, i.e., increase of MRR from
14.73 to 45.31 g/mm when the increase of NS from 100 to 300 mm/min. This is
due to the fact that the kinetic energy of the abrasive particles inside the nozzle
is increased with increasing NS, which results in higher MRR [21] While in the
case of WP, decrement is observed in the MRR (i.e., 29.98-26.78 g/mm) up to mid
setting (i.e., 100—125 MPa) afterward MRR is increased from 26.78 to 32.72 g/mm,
when WP setting is 125-150 MPa as shown in Fig. 3.2b. Because, at higher WP, the
penetration of the abrasive particle is more due to higher force obtained by higher
pressure and able to remove more material [21]. With reference to the parameter AGS
as observed in Fig. 3.2d, MRR is decreased from 33.89 to 24.59 g/mm when AGS is
increased from 70 to 90 mesh. The reason behind that, the smaller size of abrasive
particles can easily penetrate in the WDFRP composite which helps to remove more
material. But in the case of larger abrasive particles, lesser MRR is obtained because
due to more surface area of the larger size abrasive particles cause restriction to
penetrate the abrasive particles into the working specimen. This reason, lesser MRR
is obtained in the case of larger AGS as can be seen in Fig. 3.2d [5, 13]. Based on
parametric analysis of MRR, the combination of the best setting for higher MRR is
SoD (3 mm, level 3), WP (150 MPa, level 3), NS (300 mm/min, level 3), and AGS
(70 mesh, level 3).

3.3.1.2 Effect of Input Parameters on SR

Quality of the machined surface can be evaluated by the amount of surface irregular-
ity, i.e., roughness. Appropriate combination of machining parameters can generate
the desired surface roughness for better functional performance of surfaces. The
effect of independent parameters such as SoD WP, NS, and AGS on SR is depicted
using main effect plot seen in Fig. 3.3a—d. As per Fig. 3.3a, it is observed that the
value of SR is increased from 0.117 to 0.127 wm as SoD is increased from 1 to 2 mm,
and then a sudden decline in the magnitude of SR value from 0.127 to 0.104 pm
when SoD is increased from 2 to 3 mm because, at higher SoD, the kinetic energy
of the abrasive particles is more which helps to remove larger MRR with a lesser SR
value [6].

On the other hand, lower SoD creates the lesser kinetic energy of the abrasive parti-
cles and lesser material removal from work specimen and rougher surface. Moreover,
SR value is reduced from 0.122 to 0.108 wm with the increase of WP from 100 to
150 MPa as shown in Fig. 3.3c. It can be attributed to the fact that higher WP generates
a more cutting force of abrasive particles results in the smoother cut as can be seen in
Fig. 3.3c [24]. As per observation in Fig. 3.3b, the SR value increases as an increase
of NS from 100 to 200 mm/min and then decreases from 200 to 300 mm/min. This is
because, at lower NS, abrasive particles get more time to penetrate, whereas at higher
NS, minimum time available for penetration, resulting in a decrease in SR value [15].
However, in the case of AGS, as shown in Fig. 3.3d, the SR value is decreased from
0.122 t0.0.112 pm as an increase of AGS from 70 to 80 mesh. Afterward, a slight
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Fig. 3.3 a Mean of SR versus SoD, b mean of SR versus WP, ¢ mean of SR versus NS, d mean of
SR versus AGS

increment is observed in SR value (i.e., 0.112-0.113 wm) with an increase of AGS
from 80 to 90 mesh. This is because for the larger size of abrasive particles which
occupies more area of cutting width and able to remove more material on a single
strike in WDFRP composite results in proper cut and lesser surface roughness [25].
The recommended optimal settings for SR based on the above analysis are SR is
SoD (3 mm, level 3), WP (150 MPa, level 3), NS (100 mm/min, level 1), and AGS
(80 mesh, level 2).

3.3.1.3 Effect of Input Parameters on MT

Figure 3.4a—d depicts the effect of AWJM parameters on MT. The increment in
MT is observed from 0.350 to 0.518 min when SoD increases from 1 to 2 mm;
afterward, MT is drastically decreased from 0.518 to 0.268 min as the increase of
SoD is increased from 2 to 3 mm (Fig. 3.4a). This is because, at higher SoD, erosion
of abrasive particles at the inner wall of the WDFRP composite is straight, results in
lesser MT [25]. However, MT is increased from 0.231 to 0.490 min as an increase
of WP from 100 to 150 MPa as shown in Fig. 3.4b. This is because, at higher WP,
abrasive particle becomes fragmented and loses its cutting ability that results in
higher MT [23].
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On the other hand, the drastic decrement of MT value (i.e., 0.469—0.269 min)
is observed. At the time of NS is increased from 100 to 200 mm/min as well as
the significant increment is observed in MT as an increase of NS value from 200
to 300 mm/min as observed in Fig. 3.4c. This is because, when NS increases, the
kinetic energy of the abrasive particles at the tip of the nozzle is also an increase
which helps to remove the material on jet flow direction, producing lesser MT. But at
very high nozzle speed, the abrasive particles get shorter available time to penetrate,
resulting in lesser material removal, and hence, the higher MT is produced [13].
As per observation in Fig. 3.4d, MT is increased from 0.251 to 0.504 s when AGS
increases from 70 to 90 mesh. Due to the smaller size of AGS particles easily erodes,
the inner wall of the hole and unwanted material is removed easily. Thus, lesser MT
is produced at lower AGS [8]. With reference to Fig. 3.4a—d, the arrangement of
the best setting for lesser MT is SoD (3 mm, level 3), WP (100 MPa, level 1), NS
(200 mm/min, level 2), and AGS (70 mesh, level 1).

3.3.2 ANOVA Study

The statistical method, i.e., ANOVA is used to study the influence of each machining
parameters of AWJIM process on WDFRP composite. The analysis is carried out in
Minitab 17 software, and their results are depicted in Tables 3.3, 3.4, and 3.5. In
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Source DF Adj. SS Adj. MS F-value P-value
Regression 5 3316.63 663.327 2966.41 0.000
SoD 1 0.02 0.018 0.08 0.797
WP 1 0.02 0.018 0.08 0.797
NS 1 17.93 17.929 80.18 0.003
SoD x NS 1 181.02 181.016 809.51 0.000
WP x NS 1 17.85 17.853 79.84 0.003
Error 3 0.65 0.224
Total 8 3317.31
R? =99.98%, R?> (Adj.) = 99.95%, R* (Pred.) = 99.39%

Table 3.4 Analysis of variance for SR
Source DF Adj. SS Adj. MS F-value P-value
Regression 6 0.000984 0.000164 0.96 0.590
SoD 1 0.000452 0.000452 2.66 0.245
WP 1 0.000185 0.000185 1.09 0.406
NS 1 0.000247 0.000247 1.45 0.351
SoD x WP 1 0.000398 0.000398 2.34 0.049
SoD x NS 1 0.000139 0.000139 0.82 0.461
WP x NS 1 0.000223 0.000223 1.31 0.371
Error 2 0.000340 0.000170
Total 8 0.001324
R? =89.32%, R®> (Adj.) = 0.00%, R?> (Pred.) = 0.00%

Table 3.5 Analysis of variance for MT
Source DF Adj. SS Adj. MS F-value P-value
Regression 3 0.1852 0.06174 1.74 0.274
SoD 1 0.1162 0.11624 3.28 0.13
NS 1 0.1193 0.11933 3.37 0.126
SoD x NS 1 0.1674 0.1674 4.73 0.042
Error 5 0.1771 0.03542
Total 8 0.3623

R?> =85.12%, R* (Adj.) = 82.80%, R? (Pred.) = 0.00%
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this analysis, if probability value, i.e., P-value is less than 0.05, shows the effective
significance of the parameters, while larger F-value indicates that the variation of
process parameters makes an extreme change in the performance. Also, the stepwise
elimination method is used to remove insignificant parameters to adjust the fitted
quadratic model [26].

The result of ANOVA for MRR is depicted in Table 3.3. The parameter WP x NS
(interaction term) and NS (linear term) are found to be more significant for MRR and
have the same P-value and F-Value, i.e., 0.003 and 80.18, respectively. However, the
interaction parameter SoD x NS is the most influence for MRR because of highest F-
value, i.e., 809.51 and zero probability value. Also, the R? value of MRR is 99.98%,
which indicates that the presented model fit the data very well. The ANOVA result
is listed in Table 3.5 for MT. The result shows that the interaction parameters, i.e.,
SoD x WP, are significant because the P-value is found to be less than 0.05, i.e.,
0.049 and F-value is 2.34. While the value of R? obtained for MRR is 89.32%,
which indicates that the presented model fits the data very well. The ANOVA result
(Table 3.5) shows that the F-value for the interaction of SoD with NS is larger, i.e.,
4.73 and P-value is less than 0.05, i.e., 0.042. It indicates that the interaction of SoD
with NS is most significant for MT. The obtained R? value is 85.12%, which indicates
from the analysis that the presented model fits the data.

3.3.3 Empirical Model

The empirical model is necessary to predict the performance of response parameters,
and it is developed by using regression analysis. The regression equations for MRR,
SR, and MT are listed in Egs. (3.3-3.5), respectively.

MRR = —1.29 —0.179 x SoD + 0.0072 x WP — 0.1786 x NS
=+ 0.09284 x SoD x NS + 0.001166 x WP x NS (3.2)

SR = 0.1913 — 0.0838 SoD — 0.000888 WP + 0.001003 NS
+ 0.000739 SoD x WP — 0.000109 SoD x NS — 0.000006 WP x NS (3.3)

MT = —0.285 4 0.368 SoD + 0.00373 NS — 0.002046 SoD x NS (3.4)

As per Eq. (3.2), it is observed that variable WP, interaction SoD with NS, and
interaction WP with NS are a positive effect on MRR and SoD, NS is a negative effect
on MRR. However, Eq. (3.3) indicates that parameter NS and interaction parameter
SoD with NS are positive effects on SR and parameter SoD, WP, interaction parameter
SoD with NS and WP with NS are a negative effect on SR as well as with reference of
Eqg. (3.4) SoD and NS are positive effect, and interaction of SoD with NS is a negative
effect. By observing Eqgs. (3.2-3.4), parameter WP and interaction parameter SoD
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with NS, WP with NS are significant for MRR. Also, parameter NS and interaction
parameter SoD with WP are important in the case of SR. Along with, SoD and NS
are influencing parameters for MT. Similarly, Fig. 3.5a—c shows the probability plots
for which all responses such as MRR, SR, and MT are closer to the reference line.
Hence, it is observed that all experimental data are in close approximation with the
reference line and shows the result that is satisfactory [26].

3.3.4 Modeling and Optimization

Optimization of AWJM process parameters for the improved machining of green
composites is done using MOORA method. For the optimization, MRR, SR, and
MT are considered as response/output parameters, whereas input AWJM parameters
are as alternatives. In the MOORA method, first, the development of the decision
matrix is done using Eq. (3.5).

X Xip ... Xy

Xy Xpp ... Xy

X = (3.5)

Xml Xm2 cee an
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Tab.le. 3.6 Ngrmalized Exp. No. | Material removal rate (MRR) | SR MT

decision matrix (N ;)
1 0.0094 0.1228 | 0.0496
2 0.0415 0.1113 | 0.0836
3 0.0989 0.1008 | 0.1779
4 0.0870 0.1276 | 0.1138
5 0.1688 0.1286 | 0.1332
6 0.0662 0.1094 | 0.2098
7 0.2387 0.1017 | 0.0398
8 0.0889 0.0979 | 0.1512
9 0.2006 0.0998 | 0.0412

where X;; is the responses of ith criteria on jth alternatives, m and n are the total
numbers of criteria’s and alternatives, respectively.

The results of decision matrix for all nine experimental combinations are given in
Table 3.6. The decision matrix includes the number of criteria’s as response/output
parameters of AWJM process and alternatives as to the number of process parameter
setting or experimental settings. In the second step, normalization of the response data
for each of the output parameters is performed using Eq. (3.6). The normalization
process is required in order to convert the different unit of the responses into the
comparable unit.

w2112
[Zi:l xij]

where N; represents normalized performance values of ith criteria’s corresponding
to the jth alterantives.

Thereafter, determination of overall assessment of the criteria’s/responses corre-
sponding to each of the input parameter setting using Eq. (3.7) and the results are
shown in Table 3.7. Finally, the ranking of the alternatives is done based on the over-
all assessment of the criteria’s/responses and the results of the same are depicted in
Table 3.6.

Nij = where j =1,2,...n (3.6)

g n
yji = ZN,‘]‘ - Z N,‘j (37)
i=1

i=g+1

where g is the number of criteria’s to be maximized, (n — g) is the number of criteria’s
to be minimized, y; denotes assessment values of ith criteria’s with respect to the all
Jjth alternatives.

It is observed that Exp. No. 5 shows highest assessment values among the other
and found the optimal setting. The optimal setting obtained is SoD (2 mm, level 2),
WP (125 MPa, level 1), NS (300 mm/min, level 3), and AGS (70 mesh, level 1).
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Table 3.7 Assessment values Exp. No.

(v1) values Assessment values (y;) value Rank
;) valu

0.1819
0.2364
0.3775
0.3284
0.4306
0.3854
0.3802
0.3380
0.3416

O 0| Q| ||k~ W=
AN || W= 9|0 |\O

The optimal setting, i.e., Exp. 5 provides the most optimal responses which reduce
the processing time, increases the MRR, better surface finish, and lesser wastes
during the machining of WDFRP composites which directly or indirectly increases
the efficiency and performance of the green machining process.

3.3.5 Confirmation Experiments

The confirmation test with prediction is depicted in Table 3.8. An optimal parameter
setting such as SoD, WP, NS, AGS, and corresponding response parameters such as
MRR, SR, MT is evaluated. The confirmatory test is performed to verify the optimal
result obtained by parametric analysis. Also, predictions of each response parameter
of AWJM process are determined. The result of the confirmatory test shows that the
prediction found to be comparable.

3.3.6 Surface Integrity of Machined Surfaces

Additionally, magnified views of SEM images of the machined surface of WDFRP
composites are analyzed to study surface integrity as shown in Fig. 3.6. The model
ZEISS EVO-Series SEM EVO 18 manufactured by ZEISS machine is used for the
extraction of SEM images. The machined surface obtained at the optimal setting
using MOORA method is considered for the SEM images.

It has been observed from the SEM images Fig. 3.6a—e that, a contour of crack
propagation was found on the machined surface. Definitely, it can be expected to
happen in WDFRP composites, because of the varying degree of interfacial adhesion
between the fillers and matrix materials. In the SEM images, only filler damages were
observed instead of interlinear delamination as shown in Fig. 3.6b.
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Fig. 3.6 SEM images of WDFRP composite in green machining process at (SoD = 2 mm, WP =
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On the other hand, some voids (Fig. 3.6e) were observed in some places of the
machined surfaces due to the presence of moisture in natural fillers. Later voids
prorate the crack in the composites when the stress is developed during the machining.
Similarly, in some places, the cluster of fillers and abrasive impression were observed
as shown in Fig. 3.6¢c—d.

3.4 Summary

This chapter presents the machining performance of green machining process on
polymer composites. Abrasive water jet machining (AWJM), a commonly known
as green machining process and wood filler-based polymer composites or green
composites, is considered in this study. Taguchi Ly orthogonal array experiments
are conducted to study the most influencing variables (SoD, WP, NS, and AGS)
on the responses (MRR, SR, MT). Based on the experimental results, parametric
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From the parametric analysis, optimal settings for MRR are SoD (3 mm, level 3),
WP (150 MPa, level 3), NS (300 mm/min, level 3), and AGS (70 mesh, level 3);
for SR are SoD (3 mm, level 3), WP (150 MPa, level 3), NS (100 mm/min, level 1),
and AGS (80 mesh, level 2); and for MT are SoD (3 mm, level 3), WP (100 MPa,
level 1), NS (200 mm/min, level 2), and AGS (70 mesh, level 1) are obtained.
From the ANOVA, the parameters NS (linear term), SOD x NS (interaction term),
WP x NS (interaction term) for MRR, the parameters SoD x WP (interaction
term) for SR and SoD x NS (interaction term) for MT are found to be the most
significant parameters.

From the optimization: Exp. No. 5 yields the highest OAV among the other exper-
imental setup and provides overall optimal setting, i.e., SoD (2 mm, level 2), WP
(125 MPa, level 1), NS (300 mm/min, level 3), and AGS (70 mesh, level 1) is
obtained.

The optimal setting provides optimal responses such as the higher MRR, lesser
MT, and better SR, which have less influence on a generation of environmental
issues aroused during the machining of WDFRP composites in AWJM process.
Additionally, prediction models are developed for MRR, SR, and MT for optimal
prediction of AWJM responses. The result shows that predicted responses are close
and satisfactory with experimental results.

A significant amount of crack propagation, some voids on the machined surface
were found due to the presence of moisture in the natural fillers.

At last, a confirmatory test is performed to verify the experimental results. The
result shows that confirmatory results and experimental results are comparable.

Finally, it is concluded that the AWJM process is capable to machine WDFRP

composites under green machining environment. The optimal set of parameters

as

obtained in this research can be used as a ready industrial reference. Also, the

developed empirical models for AWJM responses can be used for future predictions.
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Chapter 4 ®)
Abrasive Water Jet Machining oo
of Ceramic Composites

4.1 Introduction

Increased use of ceramic materials in aerospace, automobile, shipbuilding, and den-
tal applications with different contour parts, viz. economical manufacturing route
has paid significant attention toward researchers in the past two decades [1-3]. Poses
excellent hardness, and strength even at elevated temperatures, low wear and cor-
rosion resistance, electromagnetic and biocompatibility are the unique features of
ceramic materials [4]. These features are often difficult or quite impractical for manu-
facturing complex parts economically, viz. traditional machining process. Traditional
machining processing route of ceramic materials using high-speed milling followed
by cemented carbide tools to complete parts to final geometry is often problematic
and time-consuming [5]. This occurs due to high material strength at elevated tem-
peratures and offers greater resistance for the part geometry to be machined. Higher
resistance offered for ceramic machining might be due to the involved deformation
mechanism especially at lower feed rate and shallow depth of cut which generates
larger tool wear as a result of higher cutting forces [6]. New and emerging technolo-
gies are in great demand which offer a single-step machining of ceramic materials
to complex geometries that limit the said disadvantages.

In recent years, non-traditional cutting technology showed greater potential to
shape complex geometry parts for difficult-to-cut materials including high-strength
ceramics [7]. Non-traditional machining processes, namely EDM, WEDM, laser
beam machining (LBM), and electron beam machining (EBM), etc., are available
for machining of difficult-to-machine materials [8]. Machining of ceramic using
EDM or WEDM is not applicable [9] due to brittle and low hardness. EDM also cut
parts to final geometry but require post-processing due to the recast layer formation
and induced tensile stresses due to the HAZ. Machining speed is approximately
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similar for both EDM and AWIJIM, and however, EDM produces coarser surface
in addition to thickness limitations [5]. Despite its advantages, EDM or WEDM
process is considered to be a hazardous process because it discharges a large number
of toxic components which are in the forms of solid, liquid, and gaseous waste during
the machining of ceramic materials that results in serious health and environmental
issues. In the case of a laser machining (LM) of ceramic composites, damage as well
as burning of composites is due to large heat-affected zone [10]. Moreover, USM
process can be utilized for machining of ceramic composites. But, USM process needs
higher hardness materials with good strength and there are thickness limitations with
this process. As ceramic composites are generally of lower hardness, USM is not
appropriate for machining of ceramic composites [11].

Besides the advantages of non-conventional for machining of ceramics, these are
considered to be a hazardous process because it discharges a large number of toxic
substances in the form of solid, liquid, and gaseous waste, during the machining
resulting in serious occupational health and environmental issues [12]. In order to
overcome aforementioned issues, AWJM process is used for machining of compos-
ite materials. As discussed in the previous chapters, AWJM process is capable of
machining of all kinds of engineering materials including ceramics. It offers many
benefits such as reduced waste generation, no thermal distortion due to cold cut-
ting mechanism, low cutting forces which do not cause chatter, higher machining
flexibility and versatility, less environmental contamination, less sensitive to alter
material properties, do not generates ant forms of dust or aerosols or fumes, hence,
sometime AWJM process is known as environment friendly or green machining or
green manufacturing process [13, 14].

In the past, various researchers worked on the machining of ceramic composite
using non-conventional processes, but no work is reported on machining of ceramic
specifically zirconia (ZrO,) composite using green machining process, i.e., AWIJM
process.

The main objective of this research work is to study the experimental investigation
on the machining performance of green machining process during the machining of
zirconia (ZrO,) composite. For this, an environmental friendly machining process
or green machining process known as abrasive water jet machining (AWIM) is used
for machining of zirconia (ZrO;) composite. Experiments are conducted using the
Taguchi (L,7) method to analyze the influence of AWJM parameters (standoff dis-
tance, working pressure, and nozzle speed) on MRR, surface roughness, and pro-
cess energy. Further, the effect of each AWJIM parameters on the responses and
surface quality of the machined surfaces are analyzed using parametric and SEM
images, respectively. In addition, empirical models are developed for optimum pre-
diction of responses. Finally, confirmatory tests are performed to verify results with
experimental results.
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mim

Fig. 4.1 Zirconia (ZrO;) composite

4.2 Material and Method

4.2.1 Material Specimen

In the present work, the work specimen (zirconia (ZrO,) composite) has been pre-
pared by a sol-gel method having a bulk density of 6 g/cc and is stabilized with
8 mol% of yttrium (yttrium oxide, Y,03). The dimensions of the workpiece are
shown in Fig. 4.1. The workpiece is square shaped with each side having a length
of 100 mm and a thickness of 3 mm. The machining is done for a through hole of
depth 3 mm.

4.2.2 Taguchi Method

The Taguchi robust method employs a well-defined procedure that starts with select-
ing an experimental design with different levels and collects output data that offer
a precise estimate of factor (i.e., main and interaction) effects [15]. In addition, the
collected data were utilized to minimize the impact of noise factors and determine
the optimal set of factors that could maximize or minimize the response function.
The cost-effective Taguchi method saves considerable efforts, time, and resources to
achieve the aforementioned task with few experimental trials as discussed below,

DOF = (L — )V + (L — DI + 1 4.1)

where the term DOF represents degrees of freedom, V is the number of independent
factors, L depicts the number of levels, and I defines the number of interaction
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terms. In the present work, V = L = 3 and I = 3, and hence, the total DOF = 19.
L,; orthogonal array was chosen for modeling, analysis, and optimization of green
machining process i.e. AWJM process.

4.2.3 Experimental Procedure

The CNC Water Jet Cutting Machine manufactured by DARDI International Cor-
poration, China was used for experimentation is shown in Fig. 4.2. The designed
pressure of 3800 bar, discharge rate as 2.31 1/min, and an orifice diameter of 0.25 mm
were taken during the experimentation. Abrasive material of type Garnet with of size
(70 [~ 210 wm]) mixed with a distilled water at room temperature was used as an
abrasive slurry. Throughout the experiments, the voltage of 300 V, a current of 20 A,
and nozzle angle of 900 were input to the AWJ machine. The work specimen of size
100 mm x 100 mm x 3 mm was taken for machining.

The selected Ly; orthogonal arrays representing the different combination of
experiments are conducted by using the experimental setup shown in Fig. 4.2 and
input variable their levels as tabulated in Table 4.1. Results of some pilot experi-
ments and machine constraints are considered to decide the fixed parameters during
experimentation (refer to Table 4.2).

VW orkpice NOZZLE

Fig. 4.2 AWIM experimental setup

Tal.)le 4.1 AWIM operating Control variables Notation Levels (1, 2, 3)
variables and levels
Standoff distance, mm A 1.5,2.5and 3.5
Working pressure, MPa B 100, 125 and 150
eed,. mm/min C 100, 200 and 300
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Table 4.2 Fixed parameters

of AWIM Abrasive Garnet

Abrasive grit size 70 mesh (210 wm)

Abrasive particle shape | Angular

Orifice diameter 0.25 mm

Focussing tube diameter | 1.02 mm

Focusing length 76 mm

Current and voltage 20 A and 300 V

Material dimension 100 mm x 100 mm x 3 mm

AWIM system Pressure intensifier, injection type
nozzle

Jet impact angle 90°

Nozzle material Carbide

Work material Ceramics

Density of material

The Taguchi robust technique is employed to design the experiments for three fac-
tors set at three levels (Table 4.1). Accordingly, L,7 OA-based experimental design is
selected which provides a precise estimation of both individual and interaction factor
effects. The L,7 OA matrix used to perform experiments is presented in Table 4.3.
For each experimental set, the experiments are repeated for three times and the mean
values of the measured MRR and SR are treated for modeling, analysis, and opti-
mization. MRR is determined for each set of experimental conditions by weighing
the work material using precise digital weighing balance possessing an accuracy of
1 mg. During experimentation, the initial and final weights of the workpiece are
recorded and the obtained values are used to estimate the material removal rate using
Eq. (4.2).

MRR — (Initial weight of work piece — Final weight of work piece — Weight of cut specimen)

Machining time
_ (wi—wp—we) mg,/ min 4.2)

I'm

Similarly, the obtained machined surface for each experimental condition was
measured by utilizing Surfcom 130A-Monochrome (make: Tokyo Seimitsu Co. Ltd).
As stated earlier, for industry and customer viewpoint, the objective function should
be higher-the-better (HB) for MRR and lower-the-better (SB) for SR. The compu-
tation of signal-to-noise (S/N) ratio for both the objective functions is expressed as
discussed below,

I 1
S/Nxg = —101og10(; > ?) (4.3)

i=1 i
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Table 4.3 Combinations of AWJM parameters based on Ly7 orthogonal array and experimental
results for average SR and MRR

Exp.No. | SOD,A | WP, B | NS, C | MRR, SR, wm | S/N of S/N of SR
mm?3/min MRR
1 1.5 100 100 235 0.189 47.42 14.48
2 1.5 100 200 226 0.201 47.08 13.94
3 1.5 100 300 208 0.211 46.36 13.51
4 1.5 125 100 394 0.168 51.91 15.50
5 1.5 125 200 381 0.178 51.62 14.99
6 1.5 125 300 391 0.178 51.84 14.99
7 1.5 150 100 651 0.249 56.27 12.08
8 1.5 150 200 586 0.213 55.36 13.43
9 1.5 150 300 343 0.258 50.71 11.77
10 2.5 100 100 169 0.272 44.56 11.31
11 2.5 100 200 314 0.267 49.94 11.47
12 2.5 100 300 397 0.273 51.98 11.28
13 2.5 125 100 583 0.291 55.31 10.72
14 2.5 125 200 492 0.281 53.84 11.03
15 2.5 125 300 381 0.283 51.62 10.97
16 2.5 150 100 726 0.331 57.22 9.60
17 2.5 150 200 804 0.334 58.11 9.53
18 2.5 150 300 610 0.334 55.71 9.53
19 35 100 100 382 0.391 51.64 8.16
20 35 100 200 475 0.372 53.53 8.59
21 35 100 300 245 0.371 47.78 8.62
22 35 125 100 480 0.349 53.63 9.14
23 35 125 200 602 0.344 55.59 9.27
24 35 125 300 397 0.354 51.98 9.02
25 35 150 100 916 0.371 59.24 8.62
26 35 150 200 853 0.359 58.62 8.89
27 35 150 300 602 0.354 55.60 9.02
1 n
S/Nxg = —101og10(; > y,?) (4.4)
i=1

where the term y; represents the actual experimental response data at ith trial and
n depicts the number of experimental runs. The input—output data representing
machining process parameters, i.e., AWJM parameters (NS, SOD, and WP) and
green machining quality characteristics (MRR and SR) of L,; OA experiments are
presented in Table 4.3.
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4.3 Results and Discussion

Taguchi L,7 OA experiments representing a different set of control variables have
been used to conduct experiments and collect output data (MRR and SR). Statistical
tests on the experimental input—output data were performed to examine the fac-
tors (i.e., linear and interaction) contribution, surface plots examine the relationship
behavior of outputs with inputs and derive response equations. Furthermore, mul-
tiple objective functions are optimized for a single set of input conditions utilizing
MOPSO-CD. The detailed analysis has been discussed as follows.

4.3.1 Parametric Analysis

4.3.1.1 Effect of Control Variables on MRR and SR

To optimize the process accurately, the nature of inputs on outputs are essential. Main
effect plots determine the nature (behavior) of control parameter on output studied
at various levels. Figure 4.3 depicts the response graphs which detail the variation of
individual control factor studied at different levels on quality characteristics of AWJM
process. MRR showed an increasing trend with an increase in WP and SOD (refer
Fig. 4.3a). This occurs due to the machining area subjected by the impact of water
increases with increased standoff distance, wherein the kinetic energy of abrasive
particles impinge on the work surface also increases with higher work pressure leads
to higher MRR. The necessary time for the abrasive particles to cut the work material
decreases and jet deflection increases at higher NS. It resulted in low values of MRR.
The optimal levels for each parameter are selected according to the determined
average value of S/N ratio (refer Table 4.4). The optimal level thus selected for each
parameter corresponds to the highest value of the computed S/N ratio for both MRR
and SR (refer Fig. 4.3a, b). A3B3C, and A|B,C; are the optimal levels for the set of
parameters correspond to MRR and SR.

Furthermore, working pressure contributes more followed by standoff distance
and nozzle speed for MRR (refer Table 4.4). The combined influence of higher work
pressure and standoff distance increases the driving forces of abrasive particles to hit
the work surface at higher impact which develops craters of more depth results in
more MRR. Contrary, the standoff distance showed maximum impact followed by
working pressure and nozzle speed to reduce surface roughness. Lower the standoff
distance, lesser will be the distance travelled by the abrasive particle which retains its
sharp cutting ability as a result of avoiding intercollision between particles results in
reduced SR. In addition, the development of large craters as a result of the momentum
of the impact of abrasive particles on the work surface is less at higher work pressure
that leads to reduced SR. Note that, NS is found to have negligible importance on
the SR.
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Fig. 4.3 Main effect plots of S/N ratio for the response: a MRR and b SR
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Table 4.4 Mean S/N ratio response for MRR and SR

Levels (L) Material removal rate Surface roughness

A B C A B Cc
L -1 50.95 48.92 53.02 13.85 11.26 11.07
L -2 53.14 53.04 53.74 10.60 11.74 11.24
L -3 54.18 56.32 51.51 8.81 10.27 10.97
Max. — Min. 3.23 7.39 223 5.04 1.46 0.27
Rank 2 1 3 1 2 3

Bold values indicates: *Optimal Values

4.3.1.2 Surface Plot Analysis for MRR

The 3D graphical representation of the plot explains the geometric nature (maxima,
minima, linear, and nonlinear) of the response surface when examined to know the
individual and cumulative effective of the variables. The following key observations
are drawn from the surface plot analysis of MRR. It is seen that, Fig. 4.4a displays the
behavior of MRR represented by varying simultaneously the standoff distance and
working pressure, after holding the nozzle speed at 200 mm/min. It is clear from the
response surface that, MRR increases linearly with a cumulative increase of standoff
distance and working pressure. The observation cleared their lies a negligible impact
of standoff distance compared to that of working pressure.

An increase in standoff distance would increase the material removal rate linearly,
whereas the material removal rate is seen to decrease gradually with increase in nozzle
speed (refer Fig. 4.4b). The resulting response surface is seen to be almost flat for
nozzle speed, which indicates a negligible impact on MRR. Figure 4.4c depicts there
would be a rapid increase in material removal rate with the increase in working
pressure, and MRR decreases linearly with an increase in nozzle speed. The impact
of the cumulative effect of working pressure and nozzle speed is more compared to
other interactions (refer Fig. 4.4a—c). Increased standoff distance allows the jet to
expand which enhance the machining area coupled with increased kinetic momentum
of abrasive particles striking the work surface with higher working pressure resulted
in more material removal (refer Fig. 4.4a—c). As the nozzle speed increases, the total
number of abrasive particles allowed to strike on the machining (i.e., target) area
decreases which results in low MRR (refer Fig. 4.4b—c).

4.3.1.3 Surface Plot Analysis of SR

Figure 4.5 presents the variation of surface roughness with process parameters. It
is clear from the surface plots that the desired minimum surface roughness lies
close to the low values of standoff distance, working pressure, and nozzle speed.
However, Fig. 4.5 shows reduced surface roughness could be the result of low values
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Fig. 4.4 3D surface plots of
MRR with a standoff
distance (A) and working
pressure (B), b standoff
distance (A) and nozzle
speed (C), and ¢ working
pressure (B) and nozzle
speed (C)
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Fig. 4.5 3D surface plots of SR with a standoff distance (A) and working pressure (B), b standoff
distance (A) and nozzle speed (C), and ¢ working pressure (B) and nozzle speed (C)

of standoff distance, after maintaining the nozzle speed and working pressure kept at
fixed middle levels. The optimal levels (A;B,C>) for the reduced surface roughness
seen to be slightly contradictory might be due to the dominant effect of standoff
distance compared to working pressure and nozzle speed (refer Table 4.4). Figure 4.5
shows the surface roughness seen to have a linear effect with standoff distance,
whereas it behaves nonlinearly with working pressure and nozzle speed. Increase
in standoff distance increases the distance to be travelled by the abrasive particles
which cause reduced cutting ability due to loss of sharpened cutting edges as a result
of intercollision among the particles. Therefore, lower standoff distance generates a
smooth surface as a result of improved kinetic energy (refer Fig. 4.5a). The response
surface of SR with working pressure is seen to be almost flat due to the dominant
impact with standoff distance. Increase in working pressure offers a sufficient amount
of energy supplied by the abrasives without causing radical nozzle deflection results
in steady waviness in surface roughness (refer Fig. 4.5a). Although the impact of
nozzle speed is less toward surface roughness (refer Fig. 4.5b, c), SR increases with
increase in NS due to few abrasive particles with less overlapping cutting action.
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4.3.2 Empirical Model

The models are developed based on experimental data for both MRR and SR. Minitab
17 software platform conducts regression analysis to know the impact of control
variables on output data and derives mathematical regression equations. Analysis of
variance (ANOVA) tests the practical importance in terms of significance or insignif-
icance when tested at a preset confidence level set at 95%. 3D surface plots explain
the projection or predict the behavior (linear or nonlinear) of response under control
variable constraints. The derived empirical relationship relating output expressed
mathematically as a function of control variables (refer Egs. 4.3 and 4.4).

MRR = —964 — 314 + 10.01B + 3.22C + 1.193AB — 0.163AC — 0.02673BC
(4.5)

SR = —0.194 + 0.1615A 4 0.002031 B 4 0.000188C — 0.000563A B
— 0.000061AC — 0.0000001BC (4.6)

4.3.3 ANOVA Study

Statistical tests are performed to know the contribution of both individual and com-
bined factors’ effects by using ANOVA. The significance of the said factors is tested
subjected to the preset 95% confidence level. The adequacy of the developed models
for both outputs is found to be statistically adequate as they produced a good coef-
ficient of correlation (i.e., R close to 1) found equal to 0.9180 for SR and 0.866 for
MRR (refer Table 4.5), respectively.

All linear (i.e., A, B, C) and corresponding interaction terms are found significant
for MRR (refer Table 4.6). Few terms (i.e., AB and AC) in the fitted models are
insignificant due their obtained P-value found to be greater than 0.05 (Table 4.5).
This resulted in the lowest percent contribution by the terms, i.e., AB and AC (refer
Fig. 4.6). Interesting to note that, although the individual parameters (i.e., A and
B) posses greater percent contribution, their interaction term (i.e., AB) is found
insignificant for MRR.

Table 4.5 Multiple correlation coefficient and insignificant terms

Output | Correlation coefficient Terms
AllR terms | Insignificant terms | Significant (P-value < | Insignificant (P-value
0.95) > 0.95)
SR 0.9180 0.8933 A, B, and AB C, AC, and BC

MRR 0.8666 0.8266 A, B, C and BC AC and AB
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Fig. 4.6 Pareto ANOVA graph for a MRR and b SR

All linear terms (except nozzle speed) are statistically adequate for the preset
95% confidence level for SR. However, the combined effect of all interaction terms is
found insignificant tested under the preset confidence level of 95%. However, AB and
AC interaction terms in the fitted models are statistically insignificant wherein their
corresponding P-value > 0.5. This resulted in the said interaction terms produced the
lowest percent contribution toward SR. Although insignificant term contributions are
less, they need not be removed from the fitted models as they result in an imprecise
input—output relationship and reduce prediction accuracy [16]. Standoff distance
followed by working pressure and their combined effects is statistically significant
toward SR.

4.3.4 Modeling and Optimization

Particle swarm optimization (PSO) uses computational swarm intelligence-based
evolutionary technique to optimize the parameters for multimodal responses of
AWIM process. In 1992, John Kennedy was first credited for the development of
PSO to solve the complex real-world problems [17]. PSO uses the basic underlying
principle which mimics the foraging behavior and movements of bird’s flock, which
keeps on trying to hunt their food sources. The said mechanism is employed to locate
the solutions that solve the complex optimization problem. In PSO, randomly, a set
of populations (i.e., particles or swarm) are generated and updated their position and
velocity based on the information obtained from themselves. In PSO, each parti-
cle moves under certain velocity in their own position when flying to search their
food source in multi-dimensional space. Optimal zones are determined, viz. heuristic
search approach with the best experience of the individual particle (Pbest) or whole
swarms (Gbest) to modify position toward global fitness (i.e., food source).

In PSO, the cognitive and social parts represent the rate of change of velocity of
the particles based on self-fly experience and neighborhood particle experience. In
the present work, an evolutionary operator (i.e., mutation to enhance the diversity in
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search space) is introduced to maintain numerous non-dominated solutions to store
in the external archive. PSO differ from multi-objective particle swarm optimization-
based crowding distance (MOPSO-CD) method particularly in the selection of cog-
nitive and social leader by using Pareto dominant and crowding distance approach.
MOPSO-CD parameters (mutation, inertia weight, swarm size, iterations) are sen-
sitive toward solution accuracy (i.e., local or global minima) and convergence rate
[18]. High inertia weight tends to facilitate initially toward global exploration and
low inertia weight conducts a localized search as a result of poor exploitation [19].
Large population size could generate multiple global or local solutions [20], whereas
the solution accuracy might not result in global solution always with small popula-
tion size. PSO might not yield global fitness in one iteration, because the particles
survive is intact with one iteration, corresponding to the next. Furthermore, an indi-
vidual particle can finally move toward global while conducting a heuristic search
in a multi-dimensional space provided, and they have initialized with a maximum
number of iterations [19]. A large number of generations (i.e., iterations) increase
the likelihood in locating the global fitness solution, but the amount of gain in solu-
tion accuracy must compensate with the computation or processing time and efforts
spent. Note that, till date, no universal approach defined yet in selecting the appropri-
ate choice of parameters of PSO. In the present work, PSO parameters are optimized
by conducting a systematic study with a goal of maximizing the fitness value. The
conflicting objective functions (LB for MRR and SB for SR) are formulated with a
simple mathematical equation to form a single response function for maximization
(refer Eq. 4.7). Desirability function approach (DFA) is employed to carry out the
said task. Note that the overall desirability (D,) value found to vary in the ranges
between zero and one. The D, value close to one depicts the ideal value, whereas
nearer to zero determines completely undesirable for optimization. The computation
of global desirability value assigned as fitness function value for optimization of
conflicting behavior of responses is done according to Eq. (4.7).

Fimess (or) Do = | <MRR —M R >WI X (SR— HMXSR)M
(¢
max — MRRpyjp SRmax — SRpin

4.7)

where SRpax, SRmin, MRR1ax, and MRRyi, are the corresponding maximum and
minimum values of SR and MRR, respectively.

To optimize AWIM process considering simultaneously maximizing the produc-
tion rate (industrial perspective of economical machining) and minimizing surface
roughness (customer perspective for proper functioning during service life) is a
tedious task. This occurs due to the complex nature of responses with the inputs.
This results in many optimal solutions, which sometimes lead to sub-optimal solu-
tions. Selecting one solution from multiple solutions is difficult, and this problem
requires the study of a few case studies. Three cases are studied as follows: (a) equal
importance (weights, w) to both objective functions (W = W, = 0.5), (b) assign-
ing maximum importance to MRR (W; = 0.9, and W, = 0.1), and (c) assigning
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Table 4.7 MOPSO-CD parameters and operating levels

Variables and its ranges Best value
Mutation probability (0.1-0.3) 0.18
Inertia weight (0.1-1.0) 0.8
Swarm size (10-100) 40
Maximum generations (10-100) 80

maximum importance to SR (W, = 0.9, and W = 0.1). The highest fitness value
obtained from the studied three cases is recommended as an optimal condition for
getting better quality characteristics in AWJM process.

MOPSO-CD parameters (i.e., inertia weight, mutation probability, swarm size,
and generations) are sensitive to solution accuracy and computation time. Improper
choice of said parameters might trap at local minima solutions. Tuning of parameters
poses a greater probability to hit global minima [21-23]. A systematic study was
performed on the algorithm parameters when varied within their respective levels
(refer Table 4.7), and recorded their fitness values (refer Fig. 4.7). The highest fitness
(optimized parameter) value corresponds to each parameter thus selected to avoid

a b
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Fig. 4.7 MOPSO-CD parameter study of fitness versus a mutation probability, b inertia weight,
¢ swarm size, and d maximum generations
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Table 4.8 AWIM optimized conditions for different case studies

Case studies Fitness value | Control variables (A, B, | Responses (MRR and
and C) SR)
Case 1: W; (MRR) = 0.8227 1.5, 150, 100 656.03 mm?/min and
W, (SR)=0.5 0.234 wm
Case 2: W; (MRR) = 0.8932 3.1, 150, 100 866.67 mm?>/min and
0.9, and W, (SR) =0.1 0.348 pwm
Case 3: W; (MRR) = 0.8792 1.5, 116, 100 345.72 mm?>/min and
0.1, and W, (SR)=0.9 0.194 pm

local minima solutions (refer Fig. 4.7). The resulted optimized parameters of particle
swarm optimization are presented in Table 4.7.

The MOPSO-CD determined optimal abrasive water jet machining conditions
after fine-tuning of algorithmic parameters. The results of optimal conditions studied
for three different cases are presented in Table 4.8. It is to be noted that the highest
fitness value was obtained corresponds to case 2 (i.e., maximum importance assigned
for MRR). Therefore, the set of abrasive water jet machining parameters corresponds
to case 2 is recommended as the optimal set to yield better MRR and SR.

4.3.5 Confirmation Experiments

After the optimization, work is also carried out for the confirmatory analy-
sis/experimentation to confirm the results obtained via. MOPSO-CD method. The
confirmatory tests are performed based on the optimal setting obtained using
MOPSO-CD method and the confirmatory results are tabulated in Table 4.9. Impor-
tant to note that the optimal levels recommended by MOPSO-CD method are not
among the combination of L7 orthogonal array experiments of Table 4.3. This occurs
due to the multifactor nature of Taguchi experimental design (i.e., 3° = 243). It

Table 4.9 Confirmatory results

Case studies Control variables (A, | Responses (MRR Responses (MRR and

B, and C) and SR) via SR) via confirmatory
MOPSO-CD method | experiments

Case 1: W; (MRR) 1.5, 150, 100 656.03 mm?/min and | 654.12 mm?/min and

=W, (SR)=0.5 0.234 pm 0.203 pm

Case 2: W; (MRR) 3.1, 150, 100 866.67 mm>/min and | 864.12 mm3/min and

=0.9,and W, (SR) 0.348 pm 0.355 pm

=0.1

Case 3: W; (MRR) | 1.5, 116, 100 345.72 mm?/min and | 347.32 mm?/min and

=0.1,and W, (SR) 0.194 pm 0.190 pm

=09
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is also observed that optimal values obtained via confirmatory experiments found
acceptable and satisfactory with that of the experimental results. The results of the
prediction performance of an optimization tool are in good agreement with less than
10% deviation with the experimental material removal rate and surface roughness.

4.3.6 SEM Study of Machined Surfaces

Additionally, machined surface of zirconia (ZrO,) composite is analyzed using scan-
ning electron microscopic (SEM). The model ZEISS EVO-Series Scanning Electron
Microscope EVO 18 manufactured by ZIESS is used for the study. The machined
surface obtained at optimal setting using MOPSO-CD method, i.e., case 3, A =
1.5 mm, B = 116 MPa, and C = 100 mm/min, is considered for the SEM image.
The scanning electron microscopic images are shown in Fig. 4.8.

It is seen from Fig. 4.8a—c that, there are some alternations such as abrasive
grain marks and clustered zirconia (ZrO,) particles spread on the machined surfaces.
This shows that, metal removal is by the impact of the abrasive particles with water
pressure. Some of the places, hole patch is shown (Fig. 4.8b), indicate the erosion
of ceramic materials with sharp corners of abrasive particles. This is also because of
the lower cutting speed (C) and a higher standoff distance (A). In addition, a cluster
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of zirconia particles (Fig. 4.8c) is fragmented on one side on the machined surface.
This is due to brittle fracture and uneven erosion of workpiece surface results. Also,
due to the lesser working pressure (B), a larger stand of distance (A) and larger nozzle
speed (C). So, in order to get the optimal, lower values of A, B and C are considered
as optimal during the machining of zirconia (ZrO,) composites in AWJIM, which
directly gives better and smooth surfaces as well as higher MRR, produce lesser
environmental issues during machining in AWJM.

4.4 Summary

This chapter presents the machining performance of green machining process on
ceramic composites using abrasive water jet machining (AWJM), acommonly known
as green machining process. Taguchi L,7 orthogonal array is used for experimen-
tation considering the three independent parameters like a standoff distance (A),
working pressure (B), and nozzle speed (C). The parameter like MRR and SR is
considered as a response or output parameter in this study. Based on the experi-
mental results, parametric analysis, regression analysis, mathematical model, and
optimization following conclusions are drawn,

e Green machining process, i.e., AWJIM process is capable and adequate in the
machining of zirconia (ZrO;) composites.

e From the ANOVA: parameter standoff distance (A) followed by work pressure (B)
showed dominant effect for SR and the optimal setting, i.e., A} B, C, combinations
resulted from optimal SR. Similarly, work pressure (B) showed dominant effect
on MRR compared to the other and combination A3B3C; resulted from optimal
MRR.

e From the optimization: MOPSO-CD provides most optimal results for green
machining process and the optimal setting obtained as to standoff distance (A) =
1.5 mm, working pressure (B) = 116 MPa, and nozzle speed (C) = 100 mm/min.
The optimal values facilitate to yield better surface quality, higher MRR, and
improved productivity.

e The optimal setting provides optimal responses such as the higher MRR, and better
SR, which have less influence on a generation of environmental issues aroused
during the machining of zirconia (ZrO,) composites in AWJM process.

e Additionally, prediction models are developed for MRR and SR for optimal pre-
diction of AWJM responses. The result shows that predicted responses are close
and satisfactory with experimental results.

e From the SEM images, machined surface of zirconia (ZrO,), composite found the
smooth and uniform distribution of surface during machining in AWJM process.

e At last, a confirmatory test is performed to verify the experimental results. The
result shows that confirmatory results and experimental results are comparable.

Finally, it is concluded that the AWJM process is adequate for machining of zirco-
nia (ZrO,) composites.under. green machining environment. The parametric setting



70

4 Abrasive Water Jet Machining of Ceramic Composites

obtained from the analysis can be used as the optimal setting for the AWJM process
during the machining of zirconia (ZrO,) composites. Also, the developed empirical
models for AWIM responses can be employed for prediction and optimization of
response parameters in manufacturing industries.
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