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Preface

Abrasive based machining processes are advanced machining and finishing
procedure and it is widely used as finishing solutions in high-end industries such as
aerospace, automobile, tools and dies, and prostheses. Abrasive flow finishing
processes are mainly used to polish, remove molten layers, and finish complex
shapes on the outer surfaces of the workpiece. Abrasive flow finishing processes
have a wide range of applications and could be used in every shop floor as a
finishing solution. The proposed subject of the book is advances in abrasiv based
machining and finishing in broad sense. However, specifically, the proposed book
will cover the novel machining and finishing strategies implemented in various
advanced machining processes for improving machining accuracy and overall
quality of the product. The main aim and scope of the book is to present the
capability of advanced machining processes using abrasive grain and manufacture
ability of product by implementing various innovative machining procedures for
enhancing the production rate as well as quality. It will also fulfill the gap between
the production of any complicated components and successful machining with
abrasive particles. In this book the technologies for successful improvement in
advanced machining and finishing processes with abrasive particles have been
discussed. It can be a valuable reference to students and R&D researchers involved
in advanced machining domain. This book can be used as a reference material for
MS and Ph.D. level students. In addition, this book can serve as an important
reference book for students, researchers, engineers, educators, and industry pro-
fessionals carrying out research on abrasive based machining processes. Altogether,
the book contains 11 chapters considering all the major aspects of abrasive based
machining processes to make the book more valuable source of knowledge to all.

This book offers a broad reference for abrasive based machining processes, its
varieties, technologies, and applications. The book aims to contain extensive
state-of-the-art research on abrasive based machining processes in a complete
collection, which are currently available in journal articles, conference proceedings,
and in the form of book chapters. The goal is to provide a complete reference to the
undergraduate and graduate students, as well as researchers, educators, and industry
personnel working on the abrasive based machining and finishing processes area.
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Chapter 1 deals with discussion of fundamental aspects of abrasive based
machining and finishing processes. This chapter mainly divided into mainly four
sections. These are conventional abrasive processes, advanced abrasive machining
processes, hybrid advanced abrasive machining processes, and advanced finishing
processes. Each process is presented with material removal mechanism, overview
of machine setup, process parameters, and applications. Chapter 2 deals with the
USM process principle, mechanism of material removal, varieties of USM set up,
tool development of USM process, improvement and production of 3D profile by
USM process. It also highlights the effects of different parameters of USM process
on performance and development of USM process. In Chap. 3 the development,
principle, mechanism, and setup details of rotary ultrasonic machining have been
discussed. It also highlights the effects of diverse input parameters on performance
of RUM. Various advancements in RUM are also discussed. The application area of
rotary ultrasonic machining (RUM) in micro domain has also been highlighted.
Chapter 4 highlights the Abrasive water jet machining (AWJM) process and
modern technology developed the AWJM process into a complete machining
process that can produce precise and consistent. A wide variety of materials ranging
from stone, glass, titanium, steel, ceramics, composites, etc. can be machined by
the AWJM process. Chapter 5 discusses the research trends and developments in
the field of abrasive assisted EDM and micro-EDM. The parameters that control the
performance of the abrasives in the hybrid system of abrasive mixed EDM have
been explored. This chapter will provide a comprehensive overview of this highly
efficient and productive manufacturing technique from the mechanism and appli-
cation perspective. Chapter 6 talks about the Electrolytic In-Process Grinding
(ELID) process that carries out in situ dressing of the grinding wheel using an
electrochemical reaction, i.e., anodic dissolution. This chapter will shed light on the
history, fundamental, and the current status of the ELID grinding related researches.
Chapter 7 deals with the fundamentals of abrasive flow finishing, which is applied
for nanofinishing of simple as well as complicated components. The chapter also
presents the research advancement that has been carried out globally in the direction
of nanofinishing utilizing AFF process. Chapter 8 discusses the Magnetic abrasive
finishing (MAF) for finishing, deburring, and precision chamfering of components.
During MAF process very low magnitude of finishing forces is applied on the
magnetic abrasive particles to obtain nanometer surface finish. In order to under-
stand the physics of the process considerable amount of work has been carried out
in the form of experimental study with few attempts in modeling of the MAF
process. Chapter 9 talk about the magnetic field-assisted finishing processes. The
most controlled and effective way to produce surface roughness up to nanometer by
using magneto-rheological fluid (MRF). With the help of MRF high-grade surface
finish can achieve with convenient tolerances and without ruining the surface
contour. Working principle and its advantages of MR fluid and rotational magneto-
rheological abrasive flow finishing are discussed in this chapter. Chapter 10
explains that the CMP process has been deployed as planarization technique for the
fabrication of IC in the semiconductor industries. This chapter presents an overview
of CMP technology, working principle, its recent advancement status in terms of
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green slurry development, abrasives development, new polishing method, research
trend, and challenges. Chapter 11 represents the feasibility and applications of the
rotary abrasive float polishing (RAFP) process which is a novel polishing
technique.

The Editors acknowledge Springer Nature for this opportunity and for their
professional support. The Editors would also like to sincerely thank all the authors
of book chapters for their valuable contributions to this book.
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Chapter 1
Introduction to Abrasive Based
Machining and Finishing

G. Kibria, I. Shivakoti, S. Das, B. Doloi, and B. Bhattacharyya

Abstract To manufacture intricate shaped engineering components with high
degree of surface finish and tolerances, it is always needed reliablemachining and fin-
ishing processes. Since last two decades, various machining and finishing processes
have been developed for manufacturing or processing wide variety of end prod-
ucts for their successful engineering as well as biomedical applications. The present
chapter deals with discussion of fundamental aspects of abrasive based machin-
ing and finishing processes. The chapter mainly divided into mainly four sections.
These are conventional abrasive processes, advanced abrasive machining processes,
hybrid advanced abrasive machining processes and advanced finishing processes.
Each process is presented with material removal mechanism, overview of machine
setup, process parameters and applications.

Keywords Abrasive particles · Grinding · Surface finish ·Machining rate ·
Advanced machining · Finishing processes ·Magnetic field
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2 G. Kibria et al.

1.1 Introduction

Since last two decades, abrasive based machining and finishing is found to be key
area and important category of manufacturing in broad sense and most particularly
machining and finishing technologies for the effective and efficient method of prod-
uct manufacturing [1]. The basic of abrasive machining is to remove material from
workpiece from desired portion to obtain the desired product shape as well as for
achieving the desired geometry and surface integrity for the purpose of desired func-
tionality of that particular product in real life applications. Basically, in abrasive
machining processes, material is removed from desired workpiece by the multitude
of hard abrasive particles by the applications of external mechanical energies [2].
These abrasive particles can be or may not be in the bonded form. Not only is that,
the loosely available abrasive particles mixed with magnetic particles also being
used for nanofinishing applications [3]. Thus, abrasive particles also play important
role in different nanofinishing processes. Thus, machining and finishing with abra-
sives covers with a vast areas ranging from conventional abrasive processes (such as
grinding, honing, lapping, buffing, etc.) to advanced abrasive machining processes
(such as abrasive water jet machining, abrasive jet machining, ultrasonic machin-
ing, electro discharge grinding, etc.) to advanced micro and nano finishing processes
(such as magnetic abrasive finishing, abrasive flow machining, magneto rheological
finishing, etc.). These processes are being used commercially in different industrial
sectors for product manufacturing. Certainly, there are several important advantages
of each of these processes over another. However, most of the processes are applied
formachining and finishing of different workmaterial and also it depends on the level
of surface integrity and accuracy to obtain [4]. Figure 1.1 shows the list of machining
and finishing processes that use abrasive particles for the manufacturing of usable
components. In the following sections, the brief overview of these processes with
basic schematic representation is described.

1.2 Conventional Abrasive Processes

1.2.1 Grinding

It is one of the oldest surface (flat and curve) generation and material removal pro-
cesses for obtaining the accurate shape and surface finish from raw materials. It is
noted that in comparison of plain milling or simple turning, the level of surface finish
and precision is obtained as high as ten times [5]. Basically, in this process, a solid
abrasive wheel is brought in contact with workpiece to be machined at controlled
speed and feed. Each of the abrasives at the periphery of grinding wheel acts as single
point cutting tool and little amount of material is removed from work sample creat-
ing tiny chips in micrometer to millimeter scale. The material removal mechanism
in grinding is shearing, ploughing, rubbing, fracturing and crushing, etc. [6]. Using
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Fig. 1.1 List of machining and finishing processes utilizing abrasive particles

various type of binder, the abrasive particles are bonded together to form a grinding
wheel of various shapes and sizes. With long machining environment, the sharp cut-
ting edge of abrasives is broken and becomes dull. Therefore, the cutting/machining
ability of the grinding wheel reduces. However, the grinding wheel is re-sharpened
automatically by the rubbing action of peripheral surface of the wheel and job by
broken away of dull abrasive particles. Figure 1.2 shows the schematic representation
of grinding process with material removal mechanisms.

There are several abrasive grains available and used for manufacturing of grind-
ing wheel. Aluminum oxide (Al2O3) is principally used for the grinding of ferrous
metals due to several outstanding properties such as quite hard, chemically stable,
available in different grades, etc. [7]. Silicon carbide (SiC) is also used for the pro-
duction of grinding wheel and it is used mainly for machining of non-ferrous and
density materials. Cubic boron nitride (cBN) and diamond are also used for very high
precision requirements as these abrasives are costly. Some other outstanding proper-
ties of these abrasives are hard, tough and sharp, high heat and wear resistance, etc.
[8]. Diamond is chemically stable with Fe. Thus, grinding wheel made of diamond
abrasive particles is not recommended for machining ferrous materials. The grinding
performance of the wheel also largely depends on the average size of abrasive parti-
cles. Larger particles remove more material from the surface; however, the quality of
machined surface becomes very rough. In comparison, using fine abrasives, surface
finish as well as geometrical tolerance obtained is outstanding. The type of binder
also play important role for the durability of grinding wheel.

The pore structure or density of abrasives in grinding wheel also has major role
in the performance of grinding. The pores in the grinding wheel structure mainly
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Fig. 1.2 Schematic representation of grinding process with material removal mechanisms

act as void space for the coolant retention as well as space to accommodate the tiny
chips formed by grinding [9]. However, for machining of hard materials, it is always
recommended to use dense wheel. On the other hand, open dense structure of wheel
is recommended for machining of soft materials. Due to huge amount of grinding
force during machining, several unwanted aspects comes in picture such as higher
energy consumption, dimensional inaccuracies, grinding temperature, vibrational
effects, etc. [10]. Thus, to reduce the grinding force, several controllable measures
are adopted such as use of coolant, proper selection (size and shape) of wheel, proper
conditioning, proper selection of grinding wheel rotational speed, etc.

1.2.2 Honing

Honing is one of the key processes for surface finishing as well as for improving the
bore or hole alignment. After drilling or boring operations, generally lot of surface
irregularities and scratches are left out on the machined surface. At this instant, hon-
ing operation play important role formaking the surface even and useful. The process
is also used for finer surface finish. In addition, in many cases, the form character-
istics like sphericity, cylindricity, etc. are improved [11]. In this process, abrasive
(like aluminium oxide, silicon carbide, diamond etc.) protruded sticks attached on a
rotating wheel periphery as shown in Fig. 1.3 is rotated over the workpiece surface
with a controlled feed and speed. This specially designed rotating and reciprocating
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Fig. 1.3 Schematic of honing process

tool is known as hone. As depicted in figure, this hone tool needs to provide rotary
and reciprocatingmotion against the stationarywork sample for removal of tiny layer
and finish the desired surface. For effectively use of the process, in recent times, dia-
mond and carbon boron nitrite abrasives are drawing much attention as use of these
abrasives makes the honing process much faster (may be in one stroke of hone tool).
There is several process parameters involved in honing process. With increase in
rotational speed of honing tool, generally it is found that the removal rate of material
increases. However, at the same time, precision surface finish is obtained. Honing
time is another important factor in this process. With longer honing time, it is found
that surface roughness first decreases to some extent; then after, the roughness of
machined surface again increases [12]. Honing stick pressure and stroke length are
another two important parameters which directly control the level of surface finish
as well as required tolerances of the bore or hole to be finished.

1.2.3 Lapping

Another important conventional surface finishing process is known as lapping. It
works in the principle of abrasive wear by three bodies. In this process, very high
tolerance with microscopic level surface finish is achieved with greater accuracy and
precision [13]. In Fig. 1.4, the schematic view of lapping process is depicted. Loose
abrasive particles carried by carrier fluid are passed between the workpiece surface
to be finished and a lap (soft counter surface). The workpiece holding against the
lap has random movement with a little pressure and depending upon the finishing
time, abrasive concentration and rotational speed of the lap, various level of surface
finish is achieved. Compared to honing, lapping removes less material from finished
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Fig. 1.4 Schematic view of
lapping process of curved
workpart

surface and the process has the ability to produce concave or convex surfaces (with
specially designed lap) and three dimensional shapes [14].

1.2.4 Buffing

Buffing is another frequently used surface finishing method using abrasive parti-
cles. In this process, abrasive compound is impregnated on a cloth wheel and when
this cloth wheel rotates against the workpiece surface, mirror like finish is obtained
[15]. The abrasive compound is made with greaseless compound-based matrix and
abrasives. This specially made compound is sprayed or pressurized into the rotating
wheel and the rotating wheel is acting as carrier medium of that compound. The
process is mainly divided into two types (i) cut buff and (ii) color buff. Cut buff is
complicated process and this process is applied to generate smoother lined finish.
Cut buff requires high efforts and pressure [16]. Thus, the fatigue of the operator
is needed to consider. On the other hand, color buff (also known as finish buff) is
applied in case where fine lines are left by cut buff. This buff process is quicker and
simple.

1.3 Advanced Abrasive Machining Processes

1.3.1 Abrasive Jet Machining (AJM)

Abrasive jetmachining (AJM) is advancedmechanical typematerial removal process
in which mechanism of material removal is impact of abrasive particles. A mixture
of high pressurized carrier gas and abrasive particles (with required concentration)
is prepared in several stages and the mixture is made to impinge on the surface
of material which to be machined [17]. A discharge nozzle (kept at some distance
from working surface) with inner diameter in the range of 0.3–0.5 mm is employed
to flow out the abrasive-carrier gas mixture to erosion of material. The ejection of
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Fig. 1.5 Scheme of material removal in AJM process

tiny debris with sharp edges is occurred due to formation of several brittle fractures
(micro-cracks). Since these ejected debris are mixed with abrasive particles and it
is very costly to separate out the debris and abrasives, thus, reuse of abrasives are
not recommended. In Fig. 1.5, the schematic representation of material removal
mechanism in AJM process is depicted.

For effectively utilized the process, a complete abrasive jet machining setup is
required. The setup consists of several sub-components such as air compressor, pres-
sure control valve, air drier, filter, mixing chamber and machining chamber. Such
components ensure that fresh and dried air is mixed with dry abrasives for the elimi-
nation of contamination of abrasives and also for increasing the maximum efficiency
in the process. In AJM, air, nitrogen or carbon dioxide is used as propelling gas. For
economy of machining, the gas should be non-toxic, cheap and easily available. For
homogeneously mixing of abrasives with dry air or gas, electro-magnetic shaker is
employed. The vibrational amplitude controls the amount of abrasives to mix with
the gas or air. Using CNC controlled X–Y stage, the movement of workpiece in spe-
cific path is carried out depending upon the cut profile required. For the prevention
of wear out of nozzle material, generally sapphire and tungsten carbide nozzle are
used. The life span of sapphire nozzle is 200 h approximately. Several type of abra-
sive particles (such as Silicon carbide (SiC), Aluminium oxide (Al2O3), glass beads,
sodium bicarbonate, crushed glass) can be used and the abrasive particles are chosen
based on thematerial hardness, cut depth to obtain, accuracy and precision of cut, etc.
[18]. In addition, size of abrasive also controls the material removal rate and surface
finish of cut. Other process parameters which also control the process characteristics
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in AJM are stand-off distance, impingement angle, pressure and velocity of carrier
gas, etc.

Among several striking advantages of AJM process, the most important feature is
that the process is employed to machine heat sensitive, brittle and fragile materials.
In addition, the process is applied in case of machining of inaccessible surface or
position of work sample. Among the drawbacks, the most important issue is con-
glomerate among the abrasive particles. Flaring of discharging jet is also deteriorating
the accuracy and precision cut. Health hazard and pollution of surrounding air may
occur. The process is used to cut nylon, Teflon components, to clean metallic mould
cavities and also to drill or engrave of thin sectioned workpiece [19].

1.3.2 Abrasive Water Jet Machining (AWJM)

In AWJM, high velocity and high pressurized mixture of abrasive and water is
directed towards the workpiece surface and allowed to impinge on the workpiece.
Due to conversion of the kinetic energy of water and abrasive into pressure energy,
material starts to erode from impinging zone of work material [20]. Therefore, the
kinetic energy of abrasive particles play important role in this process to erode mate-
rial. Here, high pressurized water is considered to be the carrier medium of abrasive
particles. The mechanism of material erosion in AWJM process is depicted schemat-
ically in Fig. 1.6. The machine setup consists of several sub-components namely
booster pump, intensifier pump, abrasive tank and metering valve, mixture nozzle,
XYmotion controller, working chamber, etc. In AWJM process, high pressure water
as high as 2000–4000 bars is required and the intensifier along with LP booster pump
has sufficient capability to produce this huge pressure for cutting variety of materials
in AWJM. Intensifier is to amplify the pressure using hydraulic cylinders of different
cross-sections. The most important component of the AWJM setup is the mixing
chamber where required quantity of dry abrasives is mixed with high velocity water.
Due to high velocity of water jet, the abrasives receivemomentum to proceed towards
the exit of the cutting head along with the flowing water. The mixing process takes
place by series of interactions by abrasives with water jet and inside wall of mixing
chamber and focusing tube and ultimately, abrasive mixed water is discharged from
tip of cutting head. Therefore, the velocities of water and mixed abrasives are equiv-
alent. Mixture of water and abrasives are discharge using ON-OFF valve controlled
electronically. Theworkpiece to be cut ismoved or the jet cutter ismoved inXYplane
at different cut profiles using CNC controller connected. After cutting of material at
required depth and profile, the high velocity water-abrasive mixed jet is broken by
using catcher. There are mainly three type of catcher configurations used in AWJM.
In Fig. 1.7, the catcher configurations are depicted schematically. For effective and
accurate AWJM cutting, abrasive feed nozzle is applied. This abrasive feed nozzle is
of two types, namely single jet side feed nozzle and multiple jet central feed nozzle.
For the first type, mixing efficiency is less and wear of nozzle is high. The multiple
jet central feed type design, the mixing process of abrasive with water is efficient and
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Fig. 1.6 Schematic view of mechanism of material removal in AWJM

Fig. 1.7 Representation of catcher types in AWJM
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life span of mixing section is longer [21]. However, it is very costly due to design
complicacy.

In AWJM, the process characteristics such as depth of cut, surface finish of cut
surface, accuracy and tolerances are influenced by number of process parameters.
These process parameters are orifice internal diameter, length and type of material,
focusing tub diameter and length, abrasive type and mess size, abrasive flow rate,
stand-off distance, feed rate of workpiece, etc. The cutting ability of the jet is largely
depends on mixing ratio (ratio of mass flow rate of abrasive particles to mass flow
rate of water). Generally, depth of cut is proportionally increased with water pressure
and abrasive flow rate. However, the increasing trends are different for different
abrasive materials. For cutting of thick work sample, it is always requires to cut the
material in several passes. The accuracy of cut profile is also depends on feed rate of
workpiece. Since, the cut profile is designed in software in computer, thus, complex
geometrical cut is always easy process. AWJM can be applied to cut wide range
of materials ranging from metals, ceramics and composites and even stones/granite
[22]. In addition, since multi-jet cutting facility is available in AWJM, thus, thick
materials up to 200 mm can be cut easily. However, stray cutting effect always exists
due to which accuracy deteriorated.

1.3.3 Ultrasonic Machining (USM)

In ultrasonic machining (USM), a ductile and tough tool is vibrating in ultrasonic
vibration (vibrational frequency in the range of 18–40 kHz, amplitude in the range of
10–50µm) and between the tool andworkpiece surface (kept at very smallmachining
gap), the slurry (mixture of water and abrasives) is fed [23]. While pressing the tool
towards the workpiece via slurry, it provides a static feed force. During pressing of
abrasive particles by vibrating tool, the erosion action takes place by Indentation pro-
cess by abrasives and materials are removed from tool and workpiece surface. Thus,
in USM, material removal is in sequence of indentation, crack initiation, crack prop-
agation and brittle fracture [24]. The schematic view of material removal mechanism
in USM process is represented in Fig. 1.8.

USM setup consists of some sub-units namely ultrasonic power supply unit, oscil-
lating unit, transducer, acoustic horn, coupler, tool feeding system, slurry supply unit,
etc. To generate ultrasonic vibration frequency, high power sine wave generator is
employed. The power supply unit also included with automatic load compensation
and frequency controller unit. It is very much important to monitor the overload for
protecting the system from conditions that could normally result in failure. The ultra-
sonic vibration with a frequency above 20 kHz and amplitude range of 10–50 µm is
generated through a power generator and ultrasonic transducer. The electrostrictive
converter (called as transducer) is highly efficient and the degree of energy conver-
sion is 96% [25]. The acoustic head (compilation of transducer and primary acoustic
horn) is an important part of USM machine. There are mainly three functions of
acoustic horn such as (i) amplify the amplitudes to practical limits (ii) transmit the
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Fig. 1.8 Mechanism of material removal in ultrasonic machining (USM)

mechanical energy to the tool, and (iii) concentrate the power on a small machining
area. The coupler is fastened between the horn and transducer. Depending upon the
efficiency of tool feeding mechanism and the gap between tool and workpiece, the
performance of machining varies. In USM, the slurry circulating unit is an important
sub-component of the setup as this unit control the amount of slurry to deliver in
the machining zone. For re-circulating the slurry, a pumping system with required
tubing is employed. The pump takes slurry from this reservoir and supply this slurry
as slurry jet in the machine bed where machining is taken place. The used slurry
is taken back to the reservoir again by gravity feed. It is very much important to
properly select the type, size and concentration of abrasives before actual machining
of materials. In USM, the abrasive particles mostly used in order of hardness are
boron carbide, silicon carbide and aluminum oxide. The average size of particles is
kept in the range of 3–15 µm. Coarse type abrasives are used in USM when higher
value of material removal rate is required. However, at the same time, surface finish
is degraded. On the contrary, fine type of abrasives are used when surface finish is
preferred than material removal rate.

The performance ofUSMprocess is controlled by several process parameters. The
most important parameters are amplitude and frequency of vibration, abrasive type,
size and concentration, slurry flow rate, tool material type, shape and roughness,
static load and tool feed, etc. Depending upon the design of concentrator such as
circular, rectangular or hollow cylindrical cross section, the efficiency of frequency
transmission is varied [26]. The penetration rate in USM is directly increased with
amplitude and frequency of vibration of tool material. However, there is a particular
critical value of grit sizewithwhichmaximumpenetration rate is obtained.Moreover,
machining rate in USM is obtained as maximum at critical value of concentration of
abrasive particles mixed in carrier medium. The USM process is applied to machine
hard, brittle, fragile materials. For fabrication of dies for wire drawing, punching and
blanking, USM process is employed.
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1.4 Hybrid Advanced Abrasive Machining Processes

1.4.1 Electro Discharge Grinding (EDG)

EDG uses a rotating wheel (usually made of graphite due to inexpensive andmachin-
ability and maximumwheel surface speed is 180 m/min) [27]. The conductive work-
piece and the gap between rotating wheel surface and workpiece surface (inter elec-
trode gap) is immersed in dielectric fluid inside a machining chamber. A pulse gen-
erator, which can supply voltage range of 30–80 V, current range of 0.5–200 A and
pulse frequency of 50–250 kHz is used to generate electrical spark between thewheel
surface and workpiece surface in IEG. A servo control mechanism is used to keep
the IEG constant. When the wheel and workpiece is connection to pulse generator
and DC pulse power is provided, electrical sparks are generated at the IEG in the
location where minimum gap exists. Due to generation of sparks, huge temperature
in the range of 12,000–20,000 °C is produced and materials are removed from both
rotating wheel and the workpiece. During pulse-off-time of discharging cycle, there
is sufficient duration to fresh dielectric fluid to capture the space of IEG and debris
generated in previous sparks are removed [28]. The schematic representation of EDG
process arrangement is shown in Fig. 1.9.

1.4.2 Electro Discharge Diamond Grinding (EDDG)

EDDG process uses a metal bonded diamond wheel instead of metallic wheel as
employed in EDG. In the wheel, the bonding materials which are used are brass
or bronze. In Fig. 1.10, the schematic view of EDDG process setup with enlarged

Fig. 1.9 Mechanism of
material removal and
configuration of EDG
process setup
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Fig. 1.10 Schematic of EDDG process with enlarged view of material removal mechanism

view of IEG is shown. In EDDG process, when DC pulse power is supplied between
the wheel and workpiece, the spark is developed at the minimum gap between the
wheel and theworkpiece. The properties ofworkpiece surfacewhere dischargeswere
created become softer and the diamond abrasives easily remove the soft portion of
materials from workpiece surface. Thus, material removal occurs at low value of
grinding force. Therefore, in EDDG, material removal is caused by simultaneous
occurrences of electrical discharge as well as abrasion by diamond abrasives [29].
The protrusion height of the diamond abrasives is kept higher than the value of inter
electrode gap (gap betweenmetallic surface of wheel andworkpiece surface). During
machining by this diamondprotruded abrasivewheel, theworkpiece surface is always
in contactwith protrudeddiamonds onouter periphery of thewheel. Thus, the chances
of unnecessary short-circuiting between the wheel and workpiece are avoided. In
addition, the property of high thermal conductivity of protruded diamond particles
helps to reclaim the ambient temperaturewhen the sparking is ended. By utilizing this
hybrid process of EDDG, the limitations of diamond grinding and electrical discharge
grinding. During sparking, the material is softening due to formation of electrical
discharge and due to this, simultaneous grinding forcewhich is required is less. Along
with this advantage, the abrasion process by the protruded diamond abrasives on the
wheel are able to remove recast layer and surface damages (surface and sub-surface
micro-cracks) developed on the workpiece surface [30]. EDDG process has several
process parameters which can be controlled for achieving required surface quality
and machining rate. Because of uninterrupted in-process dressing and de-clogging
of diamond protruded wheel, enhanced grinding efficiency is obtained. Thus, the
wheel never becomes dull and grinding ability of the wheel is maintained.

The process has several advantages in comparison with conventional EDDG.
Force required for material removal per grit is reduced. Furthermore, problems of
wheel loading and glazing encountered in EDG process is eliminated in EDDG.
One of the striking advantages is the process does not left out any re-solidified layer
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and cracks formed by electro discharge phase. However, due to thermal erosion of
bondingmaterial of wheel and abrasion action of diamond abrasives, loss of diamond
abrasives occurs continuously. Also, abnormal short-circuiting occurs which reduced
the efficient discharge between the bond material and workpiece.

1.4.3 Wire Electro Discharge Grinding (WEDG)

By introducing this wire electrode, the wire EDG process is capable of generating
micro featureswith high accurate features and geometrical dimensions [31]. Thewire
EDG process is carried out by supplying DC pulse power between the wire electrode
and rotating cylindrical job. The electrical discharges occur between these anode and
cathode immersed in dielectric fluid. This process is applied to fabricate cylindrical
macro and micro shaft with accurate geometrical dimensions and surface finish [32].
Figure 1.11 shows the schematic view of wire-EDG process. The workpiece is held
and rotatedwithwork holdingmandrel held vertically andwhile rotating, themandrel
along with workpiece has a downward feed motion at Z axis. The wire is travelling
using a wire guide support and the position of this wire guide is controlled in x and
y directions using positional control drives. Due to repetitive discharges, material is
eroded from rotating electrode workpiece as well as from travelling wire. The wire
is continuously fed from fresh reel of wire. After discharge, wire used is taken by
take-up reel.

Fig. 1.11 Schematic
representation of wire EDG
process
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1.4.4 Powder Mixed Electrical Discharge Machining
(PMEDM)

Electrical discharge machining (EDM) is advanced type thermo-electrical mate-
rial removal process which is widely used for manufacturing wide range of macro
and micro components. In this process, repetitive electrical discharges are created
between two electrodes (tool is connected to one terminal andworkpiece is connected
to other terminal). These two electrodes are kept in such as way that very small gap
exists in between. The discharge gap is known as inter electrode gap (IEG). The
discharge zone is immersed in a dielectric fluid. Due to generation of huge amount
of energy at the discharge zone followed by several steps of plasma generation and
due to melting and evaporation of material from workpiece, material start to remove
from work sample [33].

Due to various drawbacks (such as degradation of kerosene at high discharge
temperature, generation of toxic gases, adhesion of carbon particles on tool electrode,
etc.) of use of hydrocarbon dielectrics in EDM and to promote the safe and pollution
free machining environment, one of the best choice of dielectric fluid is de-ionized
water. In addition, for effective utilization of discharge energy and to reduce the recast
layer formation at the machining zone in EDM, various types of abrasive particles
(conductive or semi-conductive) is mixed in dielectric fluid at various concentrations
[34]. With the application of voltage between the tool electrode and workpiece, an
electric field is generated. With abrasive particles mixed with dielectric fluid in the
IEG, the abrasives get energized and arrange themselves in zigzag format. Thus, in
the discharge zone, the powder particles lie like chain and when spark discharge
occurs, and then the whole discharge energy is distributed over the chain structure
due to early breakdown of dielectric strength under the tool. The powder particles
changes the structure of plasma channel created between the electrodes and the size
of plasma channel is enlarged. Thus, with powder particles added in dielectric fluid,
uniform discharge occurs and surface finish of machined components is improved
[35]. The schematic representation of completed EDM system with enlarged view
of chain structure of powder additives at the IEG is viewed in Fig. 1.12.

Although, it is obvious that the machining rate and quality of surface machined
in PMEDM is improved, there are several important factors on which the stability of
discharges between the electrodes depends on. These factors are debris and powder
concentration and distribution at the IEG under the tool electrode, formation of bub-
bles, deionization of dielectric fluid and initial surface condition of the job surface.
Generally, in EDM, there are lots of influencing factors which directly affect on
various performances like material removal rate, tool wear, surface quality as well
as overcut. In addition to these process parameters, there are also some important
parameters related to characteristics of abrasive powder. These parameters are abra-
sive material, size, concentration of powder abrasive in dielectric, particle density,
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Fig. 1.12 Schematic of EDM setup and enlarged view of machining zone in PMEDM

melting point, specific and latent heat, etc. In the literature, it has been found that sev-
eral researchers have used number of abrasive powders and explored the usefulness
of abrasive particles in dielectric fluid during machining of wide range of materials
[36].

1.4.5 Electrochemical Grinding (ECG)

ECG has the capability to machine any tough-to-cut materials and the process does
not rely on the material’s hardness or strength. This process employs a rotating
grinding wheel with a conductive bonded material and with the use of electrolytic
solution between the grindingwheel andworkpiece surface, the anodic dissolution of
the metallic workpiece occurs [37]. In most cases, aluminium oxide and diamond are
used as abrasives on grinding wheel in ECG. For the aid of electrochemical reaction,
the electrically conductive bond materials (copper, brass, and nickel) are used. The
required gap distance in ECG is controlled and maintained by the height of abrasive
grits exist at machining zone. The electrolyte exists between consecutive grains carry
out electrolysis process. Material removed from the workpiece is carried by the
electrolyte. In ECG, more than 95% of the material is removed by anodic dissolution
and remaining 5% or less removed by the abrasive action of the grinding wheel
[38]. While rotation of grinding wheel, the material removal occurs simultaneously
by electrochemical dissolution and mechanical removal by abrasive grinding. The
schematic illustration of ECG process with the view of material removal zone (I, II
and III) is depicted in Fig. 1.13.

The material removal is purely by electrochemical dissolution at zone I. Because
of rotation of grinding wheel, fresh electrolyte enters to the IEG. The by-products
of EC reactions increase the electrolyte conductivity. However, gas bubbles formed
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Fig. 1.13 Schematic
illustration of ECG process

due to EC reactions decreases the electrolyte conductivity. Ultimately, decrease in
electrolyte conductivity occurs and reduction of IEG occurs. Thus, abrasive particles
protruded on grinding wheel come in contact with the workpiece surface. Thus,
material removal occurs due to abrasion action. In zone II, simultaneous removal of
material by abrasive particles as well as non-reactive oxide layer is removed from the
zone. Thematerial removal is done completely by electrochemical dissolution in zone
III. For effective material removal and to achieve quality surface, continuous flow
of electrolyte at machining zone is provided. Thus, a separate electrolyte circulation
system (with pressure regulating valve, pump and filter) is provided with machining
setup. The influencing process parameters in ECGare voltage, current, wheel rotating
speed, type and concentration of electrolyte, feed rate of workpiece, etc. Since, most
material removal takes place by EC dissolution, thus the wheel life is higher than
other advanced grinding process like EDG.

1.4.6 Electrochemical Honing (ECH)

ECH is a kind of material removal process in which electrochemical dissolution
as well as abrasive action takes part into. The process minimizes the limitations
of mechanical honing process. These limitations include reduced productivity as a
result of periodic breakdown of honing sticks, smaller tool life, difficulty in finishing
hardened workpiece and chances of mechanical deterioration to the workpiece sur-
faces. ECH involves cyclic sequence of machining by electrochemical dissolution,
followed by mechanical honing. Most of the removal process (about 90%) is done by
anodic dissolution [39]. A small DC electric potential is applied across the workpiece
and honing tool to acts as an anode and cathode respectively. Small inter-electrode
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Fig. 1.14 Representation of electrochemical honing process

gap between tool and workpiece is maintained, and is filled with electrolyte. When
DC power is applied to the cathode and anode, the electrochemical reactions start
between tool and workpiece and after some moment of material removal, passivat-
ing oxide layer is developed on workpiece surface and EC reactions are stopped.
The honing action by the honing sticks attached to the cathode tool then removed
the passivating oxide layer and the workpiece surface is ready for further EC reac-
tions. In this cycle, material removal takes place and accurate and quality surface is
obtained in EC honing. Figure 1.14 shows the representation of EC honing process
with tool-workpiece arrangement.

The EC honing setup consists of some important sub-units such as power supply
system (range of 6–30 V and current up to 110 A across the electrodes), electrolyte
flow and circulating unit (includes electrolyte reservoir, positive displacement pump,
pressure gauges, flow meter, heat exchanger, magnetic filters, chamber drains and
settling tank), machining chamber, tool-workpiece arrangement, tool rotational unit,
etc. The characteristics of electrolyte namely type, concentration, flow rate, tem-
perature, etc. play major role in rate of material removal from workpiece surface.
In addition, precision and surface finish of workpiece machined largely depend on
the size and hardness of abrasive grits in honing sticks and rotary and/or reciprocal
motion of the honing tool [40].
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1.4.7 Electrochemical Buffing (ECB)

Electrochemical buffing (ECB) is one of the methods of super finishing process
which uses loose abrasive particles to finish workpiece surface. In electrochemical
machining (ECM), one of the important drawbacks is generation of passive layer on
thework surface. This layer restricts further anodic dissolution of theworkpiece. This
problem can be eliminated mostly in ECB process. ECB combines electrochemical
anodic dissolution and conventional buffing using free abrasive particles [41]. During
the cycle time, when anodic dissolution of work material occurs, passive film of
electrolyte is formed, which is completely removed by the abrasion action of loose
abrasive particles provided between the workpiece surface and buffing pad. Thus,
the work surface is ready for further electrochemical reactions and further material
removal. In Fig. 1.15, the schematic view of EC buffing process is depicted. The
EC buffing system consists of DC power supply, buffing pad, rotating and feeding
system of buffing tool, electrolyte flow and circulating system, etc. The surface finish
and accuracy is mostly depends on influencing process parameters such as applied
voltage, current density, abrasive materials, size and concentration, flow rate and
concentration of electrolyte, rotating speed and pressure of buffing pad, etc. ECB
can be successfully applied to finish almost all types of metals and their alloys such
as steel and its alloys, stainless steel, aluminum, copper, titanium, molybdenum etc.
used for manufacturing industrial products, vacuum chambers, space chambers, gas
cylinders, plant plumbing etc. [42].

Fig. 1.15 Schematic representation of electrochemical buffing
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1.5 Advanced Finishing Processes

1.5.1 Abrasive Flow Finishing (AFF)

Several limitations in conventional finishing methods have enforced to develop the
advanced finishing processes. The AFF process is applied to finish components made
ofwide range ofmaterials such as superalloys, non-ferrous alloys, carbides, ceramics,
refractorymaterials, semiconductors, composites, quartz, etc. [43]. In Abrasive Flow
Finishing (AFF), the medium applied is a mixture of viscoelastic polishing medium
(which is made of polymer, plasticisers and additives) and small sized abrasive par-
ticles. Depending upon the shape and size of workpiece, configuration of tooling
is made for holding the workpiece. The polishing medium is held at both sides of
tooling and using two vertical cylinders. The polishing medium is made to move
backward and forward over the workpiece. The hydraulic unit provides required
pressure for finishing the workpiece (different complex geometries) in nanometer
level. There are several process parameters on which the assessment of polishing the
workpiece is made. These process parameters are extrusion pressure, flow rate of
working media, viscosity of working media, number of cycle per minute, size and
shape of abrasives mixed, concentration of abrasive particles and rheology properties
of polishing medium [44]. Depending upon the initial surface finish of the workpiece
and finishing requirement of final products, the values of these process parameters
are selected. The schematic diagram of abrasive flow finishing process with machine
setup required to carry out the process is shown in Fig. 1.16.

As mentioned in the figure, the AFF setup requires some basic sub-components
such as vertical opposedworkingmediumcylinders, upper and lower hydraulic cylin-
ders, hydraulic power packs, control unit, hose pipes and structure of the machine.
In addition, workpiece holding fixture or tooling is needed for properly holding the

Fig. 1.16 Schematic view of AFF setup with sub-components and enlarged view of mechanism of
material removal
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workpiece to be finished. The level of surface finish obtained is also largely depend-
ing on the polishing medium, which is prepared by using polymer, plasticisers, fine
abrasive particles and additives [45]. Depending on the value of working media flow
rate, amount of abrasion, the size of edge radius and homogeny of stock removal
rely on. Boron carbide, silicon carbide, aluminium oxide and diamond are some fre-
quently used abrasive particles in AFF process [46]. Other process parameters which
influence the quality of surface finish are extrusion pressure, number of cycle, size
and concentration of abrasive particles, initial condition of the surface of workpiece,
etc. Based on the geometrical complexity of the workpiece to be finished, the AFF
process is categorized into four types such as one-way AFF, two-way AFF, orbital
AFF and micro-AFF. In addition, several hybrid finishing processes have also been
developed utilizing AFF process. These are namely magnetic assisted AFF, elec-
trochemical assisted AFF, ultrasonic assisted AFF, centrifugal force assisted AFF,
spiral polishing, etc.

1.5.2 Magnetic Abrasive Finishing (MAF)

MAF process is a unique and effective advanced finishing process for finishing both
internal and external surfaces ofworkpiece. The schematic viewofMAFprocesswith
enlarged view of a single abrasive (with forces exerted) is depicted in Fig. 1.17. A
homogeneous mixture of abrasive particles, magnetic iron powders and some carrier
fluid (like mineral oil) is produced and employed for finishing. This homogeneous
mixture is kept at the gap of bottom face of the magnet’s north-pole and workpiece

Fig. 1.17 Representation of MAF process with enlarged view of material removal mechanism
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surface to be finished. South-pole of the magnet is kept in touch with bottom of
workpiece surface. Upon activation of electromagnet, the magnetic iron particles in
the mixture are aligned along the line of magnetic force and a chain-like structure is
fashioned. This structure is known as flexiblemagnetic abrasive brush. In themixture,
the non-magnetic abrasive particles get entrapped within and in between the chains
of aligned iron particles. Due to the soft and flexible bonding of magnetic medium,
it is easy to adapt any type of non-uniformity in shape of workpiece surface which
to be finished. A single abrasive grit exerts force in µN range. Instead of using the
mixture of magnetic iron particles, non-magnetic abrasives and mineral oil, sintered
ferromagnetic abrasives can be used. As seen in figure, a single abrasive exerts force
Fm, which has two components, i.e. Fmt and Fmn. The normal force, Fmn exerts
at vertical direction of the surface to be machined and is responsible for indenting
the workpiece surface and the axial force, Fmt exerts at horizontal direction to the
workpiece surface and this force is responsible for removing the micro-chips from
the rough surface of the workpiece [47]. Depending on the performance of magnetic
abrasive particles (MAPs), the level of finishing of given workpiece is decided.

Utilizing theMAFprocess, several researchers have developed a number of hybrid
finishing processes namelymagnetic abrasive deburring (MADe), ultrasonic assisted
MAF, electrolyte MAF, etc. There are several important process parameters in MAF
which directly affect the level of surface finish and precision. These process param-
eters are magnetic field, rotational speed of magnet, abrasive particle’s shape, size
and concentration, viscosity of homogeneous mixture, feed rate of workpiece, etc.
The process is self-adaptability and controllability. However, depending on the shape
and profile of work surface, different design of electromagnet can be made. The pro-
cess is applied for precision finishing of various biomedical devices and automotive
components (shafts and crank shafts), etc.

1.5.3 Magnetic Rheological Finishing (MRF)

In conventional finishing technologies such as grinding, lapping, honing, etc., fixed
or bonded abrasive protruded on wheel or shaft cannot produce nano finished sur-
face due to several problems which include wearing out the abrasives, large value
of indentation and wide scratch, higher value of friction between fixed abrasives
and workpiece surface, etc. [48]. Magnetorheological (MR) fluid-based finishing
techniques can overcome these problems as this novel process uses loose abrasive
particles along with magnetic particles. The process uses Magnetorheological fluid
(called MR fluid also) which is consists of magnetic particles and loose abrasives
mixed in carrier medium (water or additives) [49]. The schematic representation of
MRF process with material removal mechanism is depicted in Fig. 1.18.

As seen in figure, the delivery pump takes the MR fluid from MR fluid reservoir
and supplies the fluid to the rotating carrier wheel. The electromagnets are kept just
below the rotating carrier wheel. When electrical connection is established to the
electromagnets, the MR fluid becomes rigid and the carrier wheel is so designed that
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Fig. 1.18 Schematic representation of MRF process

the MR fluid spread on the top surface of carrier wheel. The workpiece to be finished
(of different shapes and size) is kept over the carrier fluid just keeping in touch with
MRfluid ribbon.Upon activation of electromagnets, when the carrier wheel is rotated
and MR fluid is supplied by the nozzle, the workpiece which is in contact with MR
fluid ribbon is finished due to the relative motion of workpiece surface andMR fluid.
Swinging and rotating motion is provided to the workpiece to finish the workpiece
surface completely. The MRF process has several process parameters which greatly
influence the performance characteristics such as surface finish, material removal
rate, surface flatness, etc. The important process parameters in MRF are viscosity,
pH value of MR fluid, type, size, hardness and concentration of abrasive particles,
rotational speed of wheel, gap between wheel surface and workpiece surface, type,
size, hardness and concentration ofmagnetic particles, fluidity and viscosity of carrier
fluid, etc. The process can finish the optical glasses and surface finish as low as tens
of angstroms can be obtained. In addition, MRF process can finish freeform surfaces
(internal and external) efficiently [49].

1.5.4 Magnetorheological Abrasive Flow Finishing
(MRAFF) and Rotational-MRAFF

MRAFF is an advanced type nano finishing process which combines AFF and MRF
processes. Thus, in MRAFF, one can take the advantages of both processes and also
to carryout nano finishing of complex geometrical parts and used for a wide range of
industrial applications [50]. The material removal phenomena in MRAFF is surface
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Fig. 1.19 Representation of magnetorheological abrasive flow finishing (MRAFF) setup with
finishing mechanism of worksurface

abrasion process by back and forth movement of MR polishing fluid in an elec-
tromagnetically dense region. The magnetorheological polishing (MRP) medium is
the combination of carbonyl iron particles, abrasive particles and additive medium
(paraffin or grease). These ingredients are homogeneously mixed in appropriate pro-
portion or concentration for effective utilization of the ability of the mixture to finish
complicated profiles of workpiece [51]. The representation ofMRAFFmachine with
enlarged view of finishing mechanism is depicted in Fig. 1.19.

As shown in figure, the cylindrical workpiece is held between two magnetic poles
(N and S poles) and through the hollow workpiece, the MR polishing medium is
directed to flow. When magnetic field is applied, depending upon the magnetic field
strength, the CIPs obtain dipole moments. At a moment of time, the dipolar inter-
face among the CIPs goes above their thermal energy. In this moment, the CIPs are
aggregated in a fashion of chain like structure along the field direction. Thus, in
presence of magnetic field, the rheological behavior of MR polishing fluid trans-
formed from weak viscoplastic to strong Bingham plastic. The abrasive particles
are embedded between adjacent chains of CIPs. The carbonyl iron particles along
with non-magnetic abrasive particles provide required finishing force to the work-
piece surface. In MRAFF, the quality of surface finished is influenced by number
of process parameters namely extrusion pressure, magnetic flux density, number of
finishing cycle, type, size and concentration of abrasive and magnetic particles, etc.

In rotational MRAFF process, finishing of workpiece surface is carried out by
additionally rotating the magnets provided. In Fig. 1.20, the schematic view of R-
MRAFF setupwith enlarged viewof finishingmechanism is depicted.Due to rotation
of magnets and extrusion pressure of top and down hydraulic cylinders, the MR
polishing fluid is rotated in spiral motion as indicated in figure. Thus, the MR fluid
has two motions simultaneously such as axial motion and circular spiral motion.
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Fig. 1.20 Rotational MRAFF setup with enlarged view of finishing mechanism

During movement of polishing medium in helical form, the rough peaks on the
workpiece surface are sheared off by the motion of abrasive particles embedded by
carbonyl iron particles. If the finishing mechanism is compared for MRAFF and
R-MRAFF, then it is revealed that the movement of MR polishing fluid is due to the
extrusion pressure (reciprocating type) delivered by the movement of top and bottom
MRPF cylinders and pistons [52]. However, in R-MRAFF, the abrasive particles
along with CI particles move in helical path inside the workpiece wall due to the
combined forces of extrusion (because of back and forth movement of MR fluid) and
rotation of magnets. Therefore, the interaction area between the abrasive particles
and workpiece surface is high. In addition to the process parameters in MRAFF
process, R-MRAFF has added parameter i.e. rotational speed of magnets. Compared
toMRAFF, R-MRAFF process can generate nano level surface finish since this novel
process has more controlled finishing mechanism [53].

1.6 Summary

Abrasive based machining and finishing processes have important role in manufac-
turing as well as finishing macro and micro products with required surface finish,
form accuracy and geometrical tolerances. In this chapter, each of the developed
processes that utilize abrasives (applied in bonded or loosely) has been discussed
with fundamental mechanism, process characteristics and important applications in
various sectors ranging from automotive, aerospace to engineering and biomedical
sciences.
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Chapter 2
Advancement in Ultrasonic Machining
for 3D Profile Cutting

S. Das, S. Kumar, G. Kibria, B. Doloi, and B. Bhattacharyya

Abstract Hard and fragile materials for example ceramics, glass and quartz crystals
are getting extra consideration in modern years owing to their higher characteris-
tics for example high strength, high hardness, chemical durability and low density.
Ultrasonic machining is an abrasive based advanced machining with non-chemical,
non-electrical and non-thermal process that is particularly suitable for those brittle
and hard materials. The USM process principle, mechanism of material removal,
varieties of USM set up, tool development of USM process, improvement and pro-
duction of 3d profile by USM process and various research issues are studied and
summarized in this chapter. It also highlights the effects of different parameters of
USM process on performance and development of USM process.

Keywords Ultrasonic machining · Profile accuracy · Ceramics · Surface
roughness ·Material removal rate
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2.1 Introduction

From the beginning of the human race, researchers have developed state-of-the-art
products with the help of various energy sources and tools to meet the demands
of making life easy and enjoyable. Since the last decade, manufacturing industries
will face some new challenges. The main driver of industrial innovation is better
quality of life and higher work efficiency. Modern improvements in the proper-
ties of materials have resulted in high durability, high rigidity and extremely hard
and brittle materials to meet the requirements of advanced industry. As a result,
engineers and technologists are facing more and more problem to produce com-
plex profiles on these materials. They are tremendously complicated to machine by
manual or traditional machining processes. This also requires the improvement of
better tooling materials to maintain productivity. Such materials can be machined
economically by non-traditional processes based on direct use of various energy
sources, such as ultrasonic machining (USM), electro-chemical machining (ECM),
electron-beam machining (EBM), electro-discharge machining (EDM) etc. [1, 2].
Ultrasonic machining has great applications for machining hard and brittle materi-
als, specifically ceramics, tungsten, carbides and glass etc. those are eclectically poor
conductors. USM can easily machine workpiece harder than 40 HRC [3, 4]. During
the ultrasonic processing process tool of preferred shape oscillates at an ultrasonic
frequency from 19 to 25 kHz at a working amplitude of 15–50µm [5, 6]. The desired
shape tool is vibrated on the machining zone and the transmitted the kinetic energy
to the abrasive particles which act as an indenter. In USM material is removed due
to initiation of crack, propagation of this crack and brittle fracture of the material
[7–9]. Production of non-circular holes and cavities on ceramics, metal and other
components through superior geometric and dimensional accurateness is a difficult
task [10–15]. It is shown that the material removal rate increases with increasing tool
tip amplitude diameter of abrasive particles [16]. The purpose of this chapter is to
improve the 3D profile and product presentation through the USM process principle,
mechanism of material removal, tool development of USM process. The effects of
various parameters of USM process on performance of ultrasonic machining and
process development of USM process also describe into this section.

2.2 Basics of Ultrasonic Machining Process

The fundamental of USM process involves tool, normally prepared of a ductile
and strong material is vibrating by small amplitude and extremely high frequency
and nonstop flow of slurry mixed with abrasive between the tiny gap of tool and
the workpiece. USM process is non-traditional mechanical process employed for
machining conductive as well as non-conductive materials; by preference those by
means of small ductility and hardness higher than 40 HRC for example inorganic
glasses, ceramics, bio-ceramics and quartz etc. Water mixed with abrasive grains
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flush into the gap between the tool and workpiece during machining. The desired
shape tool is vibrated at ultrasonic frequency of 20 kHz and amplitude of 8–30 µm.
The tool is pushed to workpiece with definite static power. The energized abrasive
grains which are transmitted by the vibrated tool are directly hammering on the
workpiece. In the machining area, wash out of slurry refreshes the abrasive particles.
It also takes away the debris and damaged abrasive elements left from the gap.

2.3 Different Types of USM Setup

In 1927, the cutting and drilling action through the assist of ultrasonic vibration
was explained by A. L Loomis and R. W. Wood. After a long period, in 1942 L.
Balamuth was first proposed ultrasonic machining, while his investigation was stated
that the dispersal of solid into liquid by magneto-strictively vibrated nickel tube. The
primary announcement of whole apparatus and techniques in ultrasonic machining
was published in 1953–54 [5]. All through suitable research work and progress on
USM equipment, various types of USM processes have been introduced.

2.3.1 Stationary USM Process

In this process the abrasive slurry is injected into the space between a vibrating tool
and stationary workpiece. Material is abraded away until a mirror image of the tool
is cut into the workpiece. A hard metalic tool is pressed with high frequency and low
amplitude of oscillation perpendicular to workpiece, which convey high velocity to
fine particles of abrasive presented between the workpiece and tool. These particles
strike the workpiece, chipping away small particles, and the tool is gradually fed into
theworkpiece. The “chips” are carried away from theworkpiece by a constant flow of
cooled slurry. The workpiece is abraded into a mirror image of the tool. Figure 2.1
shows the schematic of stationary USM system.

2.3.2 Rotary USM Process

Rotary type USM is an invention of two machining process that merges diamond
grinding elements with stationary USM process, increasing higher material removal
rate (MRR) than diamond grinding or stationary USM. In rotary USM process a
revolving drill bonded with diamond abrasive particles are vibrated ultrasonically
on the axial whereas spindle is supplied at a constant pressure in the direction of
the workpiece. The coolant is pumped with the drill core, preventing jamming of
the drill and keeping it cool. Using directly bonded abrasives tool in RUM process
and simultaneously combining rotation and vibration, it provides very fast and high
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Fig. 2.1 Diagram of USM set up

quality machining technique for various glass and ceramic applications. It is easier
to drill deep holes with RUM than USM and improve hole accuracy with higher
surface finish. Spindle speeds in rpm are programmable using a CNC controller for
controlling the speeds of up to 8000 rpm. Different types of tool shapes are used for
RUM process on ceramic and glass machining applications are commonly used in
diamond-synthesized tool. Figure 2.2 illustrates the schematic of Rotary Ultrasonic
Machining process.

2.4 Detail Description of Mechanism of Material Removal
in USM Process

In this process the material of workpiece is removed from the machining zone by
the grazing action of liquid based abrasive slurry, which is circulating between the
vibrated tool and workpiece. The tool does not contact the workpiece directly, so that
the machining pressure is rarely used. For that reason this operation is perfect for
machining tremendously brittle and hard materials, for example ceramics and glass
with producing no heat.
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Fig. 2.2 Schematic of Rotary Ultrasonic Machining (RUM) and cutting tool

2.4.1 Material Removal Mechanism

Owing to micro-cracks generation through the fracturing in brittle nature of the
workpiece, the material is detached from the machining region of the workpiece
during USM process. Mechanism of crack production has been investigated in USM
in order to developmachining effectiveness and accuracy. The collision of a particular
abrasive grain for the duration of USM process is able to very essential for proper
crack production of the workpiece. The most important reasons for taking away the
material from the workpiece have been documented as follows:

(i) The main principle is hammering effect. This phenomenon is happened by
abrasive particle when the workpiece and tool get in touch with each other.

(ii) The another reason is impact action by abrasive particle with free-moving in
the machining zone.

(iii) The cavitations erosion plays a role for removal of materials by abrasive slurry
concentration [5, 6].

In generalmaterial removalmechanism ofUSM, cavitations erosion is not significant
all time. The schematic diagram of step by step mechanism of material subtraction
in USM is shown in Fig. 2.3. The mostly responsible reason is first two mechanisms
for material elimination owing to micro cracks. These are produced owing to the
quick hammering of all coarse particles. The striking stroke is largely established as
a main reason in crack production [7].

The material is taking away from the workpiece in the USM process depends
largely on radial cracks start and proliferation of lateral cracks. The beginning of
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Fig. 2.3 Schematic diagram of step by step mechanism of material subtraction in USM

localizeddeformation and cracks formationof anyhard andbrittleworkpiecematerial
is shown in Fig. 2.4. Abrasive particles are produced these cracks and perform as an
indenter [8, 9]. The fracture begins on the upper surface of the workpiece by striking
the abrasive grains in the machining region. Various researchers have been studied
in these regions.

Fig. 2.4 Fractural deformation of brittle material
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2.4.2 Review Work of MRR Model

Various investigations have been done in the region of material removal mecha-
nism. Following section includes the details of research work carried out by various
researchers in the mechanism of material removal in USM.

M. C. Shaw explored the material removal mechanism in USM process. Material
was removed primarily the nonstop hammering by abrasive grains and secondarily
striking by free exciting particles. Every abrasive particle was assumed as rigid,
identical and round in shape. Every single one impacts were considered as identical.
Depth of penetration was also considered as inversely proportional to work material
flow stress. For the tool face given area, the numbers of active grains were inversely
proportional to the square of the average grain diameter [16]. G. E. Miller proposed a
model of the material removal mechanism in ultrasonic machining. Primary physical
principles and equation of machining rate were derived from this model. In this case
circular solid tools were used with puddle slurry. A relationship of the calculations
of the theory was made with the experimental data that the theory gave a right
correlation between themachining speed and the variables involved in the machining
process [17]. L. D. Rozenberg et al. proposed that the material was removed from the
workpiece by brittle fracture. All abrasive grains were incompressible and unequal
contour but could be considered as spherical shape [18]. Based on the investigational
confirmation, the statistical calculation of abrasive grain diameter size d was given
by:

∅(d) = 1.095
N

dm

[
1−

(
d

dm
− 1

)2
]3

(2.1)

where, N is number of active abrasive grains and dm is the mean dia. of grains.
N. H. Cook proposed the material removal mechanism in USM. As per discussion

the workpiecematerial was removed due to indentation fracture by the hemispherical
shape abrasive. All abrasive grains were assumed as spheres of uniform radius.
Viscosity effects of slurry concentration were considered insignificant. According
the MRR model, material removal rate was considered as proportional to square
root of grain radius [19]. G.S. Kainth analyzed the mechanism of material removal
in ultrasonic machining. According to proposal the direct impact on the workpiece
by abrasive grains was main reason for removing material from the workpiece. The
investigation had been applied to compute material removal during machining on
glass materials using abrasive of 400 mesh size. In that experimentation the mild
steel tool with different static force and amplitude of tool oscillation was used [20].
E. V. Nair et al. performed one hypothetical study into the mechanics of USM. The
periodic hammering by the cutting tool on the workpiece material through rigid
spherical abrasive particles is responsible for material removal. The dislodging of
material from the workpiece during USM process was owing to brittle fracture. The
cavitations erosionwas negligible for removal of thematerial. Finally, the differences
of machining rates were depended by mean diameter of abrasive grains, amplitude
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and frequency of vibration [21]. K. P. Rajurkar et al. suggested that USM process
was an efficient advance machining process for ceramic materials. This research
presented the experimental model of the MRR mechanism during machining of
alumina ceramic [22]. T.C. Lee et al. explained the basic mechanism of the USM
of ceramic composites. The effects of the MRR and the surface roughness were
measured and discussed with changing the static load applied, the amplitude of the
tool tip and the size of the abrasive. It was concluded that if the static load applied,
amplitude of the tool tip and the grit size of the abrasive was increased, the material
removal rate also increased and it was roughening of the workpiecemachined surface
[23]. M. Wiercigroch et al. suggested that the improvement of material removal rate
(MRR) in USM was very much associated with high amplitudes forces produced by
develop tool on the workpiece and it also developed micro-cracking in the cutting
zone. Mechanism of material removal was observed as micro-cracking produced on
the workpiece due to impact of grains [24]. C. Nath et al. suggested that due to
quick mechanical indentations the micro-chipping via micro-cracks is generated by
abrasive grits. The basic material removal mechanism during USM of hard–brittle
materials like glass and ceramics was observed [25].

2.5 Tool Development of USM Process

The final form and dimension of the developed products depends on the tool during
ultrasonic machining (USM). The production of micro tool is in actuality immense
challenge. Holding the micro tool appropriately with good accuracy is not an easy
task of the job owing the purpose of vibrations at the tool ending. New technique
was launched to conquer this difficulty. This tool is prepared on the machining time
in other technique. In the beginning the macro tool was set to head of the tool. Wire
electro discharge grinding (WEDG) technique was utilized to manufacture micro
tool. Then this tool was utilized for machining [26]. Using this method micro tool
of less than 20 µm can be attained [3]. Figure 2.5 shows micro tool used in micro
USM process.

The main problem is to design and build up the tool for ultrasonic machine for
producing any shape. A cylindrical rod of stainless steel of grade 304 has been
selected for fabricating the tool. After that the stainless steel tool has been fabricated
with the help of lathe as per design of CADmodel. Figure 2.6 shows the CADmodel
of stepped tool steps having both in circular cross section. Figure 2.7 shows the CAD
model of stepped tool having one step of square cross section and another step of
circular cross section. Figure 2.8 shows the CAD model of hemispherical tool. Next
the tool holding hexagonal bolt and the bottom face of the developed tool has been
properly cleaned. Then this tool holding bolt and tool have been joined by silver
brazing. Silver brazing is a joining process whereby a non-ferrous filler metal, alloy
is heated to melting temperature above 800 °C. Silver brazing can employ by flame
heat sources. The copper filler metal is used in silver brazing. Flux is necessary for
brazing to remove and prevent reformulation of surface oxides on the base metals.
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Fig. 2.5 Micro tool prepared for Micro USM [27]

Fig. 2.6 CAD model of
stepped tool of circular
cross-section
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Fig. 2.7 CAD model of
stepped tool having both
square and circular
cross-section

Fig. 2.8 CAD model of
hemispherical tool
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Fig. 2.9 Photographic view
of stepped tool of circular
cross-section for USM

Proper brazing is very much essential for good joint design. The photographic views
of the developed tools are shown in Figs. 2.9, 2.10 and 2.11.

2.6 Influences of USM Process Parameters on Responses
During Machining

The performance of USM process depends upon process parameters, which is shown
in Fig. 2.12. The amplitude of vibration, frequency of vibration, power rating and
static load are the process parameters related to energy input during USM. One of the
most effective process parameter is abrasive particle. The types of material, hardness,
strength of the workpiece, abrasive grain size, abrasive slurry concentration and
abrasive slurry flow rate are the process parameters related to effectiveness of abrasive
slurry during USM. The tool material, tool geometry and property are tool related
process parameters in USM. The controllable process parameters are selected during
this present research work i.e. power rating, abrasive grain size, slurry concentration
and tool feed rate.
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Fig. 2.10 Photographic
view of stepped tool having
both square and circular
cross-section for USM

So many abrasive materials are available in different grain diameters for USM
process. The selecting criteria for a particular machining condition depend on hard-
ness, useable life, cost and particle size of the abrasive. Boron carbide, silicon carbide
and aluminum oxide are the commonly used abrasive for ultrasonic machining pro-
cess. Boron carbide abrasive is very costly and it has high hardness and useable life.
Abrasive grain sizes are in the range from 240 to 800. In this present research work
boron carbide abrasive with different grain sizes are used.

Abrasive slurry concentration is one of the process parameters of USM. The
abrasive grains aremixedwithwater to form the slurry. The concentrations of abrasive
slurry are varied from 30 to 60%.

Power rating is another important controllable process parameter of USM. High
power is required for drilling very hard material and more penetration.

Tool feed rate is one another process parameter of USM. Tool feed rate is the
velocity atwhich the tool is fed, that is, advanced against theworkpiece. It is expressed
in units of distance per minute.

The influences of ultrasonic machining process parameters on various responses
have been investigated and explained using various graphs.
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Fig. 2.11 Photographic view of hemispherical tool for USM

Fig. 2.12 Process parameters of USM
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2.6.1 Influences of USM Process Parameters on MRR

The significant parameters in the USM process are abrasive grain diameter. The
experiments have been carried out with varying abrasive grain diameter. Figure 2.13
illustrates the outcome of abrasive grain diameter on MRR. From this graph, it is
found that small abrasive grain i.e. 14 µm grain diameter provides the less MRR
however coarser abrasive i.e. 64 µm grain diameter offers high MRR. Coarser abra-
sive have spiky corner in every side of grain particle, therefore more MRR is found.
This active abrasive grains are taken an influencing part in material removal process
whose diameters are large.

Figure 2.14 presents the outcome of concentration of abrasive slurry on MRR of
production of square stepped type hole on zirconia bio-ceramics. Hence, the material
removal rate depends only howmuch effective particles of abrasive grains are present
in the machining region. When the slurry concentration is more, the density of the
slurry is high. So the extra effectual abrasive grains move toward to the effective
gap. As a result the more MRR is achieved using high percentage of abrasive slurry
concentration.

Figure 2.15 exhibits the outcome of power rating on MRR. In the graph, it is evi-
dently exposed thatwith enhance in powerMRR increases.At that time extra power is
used, subsequently the abrasive particles hit on the workpiece surface through high
value of force. The active grains are striking through more momentum and rapid
crack of the workpiece surface is found owing to quicker transmission of cracks.
Therefore the workpiece material takes away from the workpiece at quicker rate as
a result improving MRR.

Fig. 2.13 Result of abrasive grain diameter on MRR for square stepped hole generation
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Fig. 2.14 Result of abrasive slurry concentration on MRR for square stepped hole generation

Fig. 2.15 Result of power rating on MRR for square stepped hole generation
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Fig. 2.16 Result of tool feed rate on MRR for square stepped hole generation

It is observed from Fig. 2.16 that material removal rate is influenced by tool feed
rate during the square stepped type hole generation by USM. The crack transmission
rate on the workpiece is efficiently more when the tool is stirred down at superior
tool feed rate. Very quickly material is detached from the workpiece. Therefore high
tool feed rate gives highest MRR.

2.6.2 Influences of USM Process Parameters on FFOC,
CCOC and DOC of Square Stepped Hole

Figure 2.17 illustrates the result of grain diameter of abrasive particles on corner to
corner overcut (CCOC), flat to flat overcut (FFOC) and diametrical overcut (DOC)
of square type stepped hole on zirconia bio-ceramics. It is observed from the graph,
that very small abrasive particles create hole through less overcut and also found
least amount flat to flat overcut (FFOC) as well as corner to corner overcut (CCOC)
of square hole during USM process. Normally bigger abrasive grain diameter is 64
micron and regular lesser abrasive grain diameter is 16 micron. So that the cutting
region of average bigger grain diameter is high compare to the average lesser grain
diameter. The smaller abrasive grain diameter has less contact surface area in the
machining zone. So that small overcut i.e. DOC, corner to corner overcut (CCOC)
and flat to flat overcut (FFOC) of this square hole are achieved by low value of
abrasive grain diameter.

Figure 2.18 shows the result of abrasive slurry concentration on corner to corner
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Fig. 2.17 Result of abrasive grain diameter on FFOC, CCOC and DOC for square stepped hole
generation

Fig. 2.18 Result of abrasive slurry concentration on FFOC, CCOC and DOC for square stepped
hole generation
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Fig. 2.19 Result of power rating on FFOC, CCOC and DOC for square stepped hole generation

overcut (CCOC), flat to flat overcut (FFOC) and diametrical overcut (DOC) of square
form stepped hole on zirconia bio-ceramics respectively. If a lower concentration is
used, a high quality precision profile is achieved. When the concentration of the
abrasive grain is extremely low, the hitting force is less because the total mass of
abrasive in the operating area is small. Therefore, the values of FFOC, CCOC and
DOC are less when the small concentration of abrasive slurry is used.

Figure 2.19 demonstrates the outcome of power rating on corner to corner overcut
(CCOC), flat to flat overcut (FFOC) and diametrical overcut (DOC) of square shaped
stepped hole on zirconia bio-ceramics respectively. In fact, the high applied power
means that the tool vibrates with great force and supply high energy to abrasive
particles on the surface of the workpiece. Therefore, the material is removed from
the workpiece quickly. Therefore, the flat to flat overcut (FFOC), corner-to-corner
(CCOC) overcut and diametrical overcut are increased. So to achieve a small FFOC,
CCOC and DOC a lesser value of the power is favored.

Figure 2.20 exhibits that the effect on FFOC, CCOC and DOC with varying tool
feed rate respectively. With the help of this diagram it is acquired so as to high tool
feed rate provides greatest FFOC, CCOC and DOC. With a higher value of the feed
rate of the applied tool, additional material is reduced by the abrasive particles just
below the tip of the tool. Therefore, the all overcut raise by enhancing the feed rate of
the applied tool. Less tool feed rate is chosen to attain lower value of FFOC, CCOC
and DOC of square stepped hole.
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Fig. 2.20 Result of tool feed rate on FFOC, CCOC and DOC for square stepped hole generation

2.7 Improvement and Production of 3D Profile by USM
Process

An accurate circular stepped type hole has been created on alumina and zirconia bio-
ceramics material during USM process as showing Figs. 2.21 and 2.22. The actual
photograph of square stepped hole on the workpiece after machining on shown in
Fig. 2.23. The real snap of hemispherical cavity on hydroxyapatite bio-ceramics after
machining is shown in Fig. 2.24.

One new technique was anticipated for ultrasonic micro machining set up. It was
producing micro tools through wire electro discharge grinding (WEDG) system.
With the help of this technique, micro holes of 20 µm diameter on a silicon plate
and quartz of 50 µm in depth could be obtained [3, 4].

Fig. 2.21 Alumina workpiece after machining
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Fig. 2.22 Zirconia workpiece after machining

Fig. 2.23 Square stepped
hole on zirconia workpiece
after machining

Different investigational and hypothetical studies on rotary ultrasonic microma-
chining (RUSMM) have been conducted for machining different ceramic materials.
Sapphire is usually related in the field of electronics, mainly in the production of
various circuits and chips which can also be produced by RUM. It has been observed
that the highest cutting force of RUM is 34.5% lower than that of conventional dia-
mond side grinding process. 3D micro cavity was successfully made-up on silicon
by a micro tungsten tool in cylindrical-shaped. Figure 2.25 shows the 150 µm hole
on Soda glass. Figure 2.26 demonstrates the fabrication of 48 holes of 22 µm hole
diameter by a single SD tool on Silicon workpiece of 20 µm tool diameter [28].
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Fig. 2.24 Photographic
view of hemispherical cavity
on machined workpiece

Fig. 2.25 150 µm hole on
Soda glass [28]

Fig. 2.26 Fabricated of 48
holes through single SD tool
[28]
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2.8 Future Scope of Advancement on USM

Process improvement for USM is one of the most essential matters. In USM mainly
complicated task is to understand the material removal mechanism. A small number
of discussions are existing till nowadays but additional analyse is of themechanismof
material removal is essential for this method. Ecological feature are one of the vital
area which barely have been reported. This is one of the main topics of current
industrialized process. However the present research work analysis will provide
fruitful and technical information to the researchers, scientists and engineers who are
working in the area of USM process. It can also provide direction for advancement of
USM tool development and complex shaped profile machining of advanced ceramics
those are highly demand in biomedical applications.

2.9 Summary

At first this present effort the background of the USM process is introduced. The
significance of developing well-organized machining methodology for brittle and
hard materials was stated. Through comparing a number of machining procedures,
the potentiality of ultrasonic machining process in macro and micro-machining of
different brittle and hard materials was pointed out. Within this book chapter the
significant matters about various aspects of USM processes have been considered.
In addition this section discusses on the working principle of different types of
USM and improvement of USM process. Mechanism of material subtraction and
influence of ultrasonic machining process parameters have been considered here.
Profile accurateness and potentialities of the USM procedure have been discussed
here. In USM process abrasive grain with larger sizes and larger abrasive slurry
concentrations offer high value ofMRRbut reducedprofile accuracy. InUSMprocess
high-quality surface finish can be attained using very smaller size of abrasive grain.
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Chapter 3
Rotary Ultrasonic Machining–New
Strategy of Cutting and Finishing

S. Kumar, S. Das, B. Doloi, and B. Bhattacharyya

Abstract Rotary ultrasonic machining (RUM) is an abrasive based advanced
machining technique for cutting and finishing of various hard and fragile materials
like ceramic, ceramics composite, glass, titanium and its alloy etc. RUM is the devel-
opment over stationary ultrasonic machining for enhancement of MRR, geometrical
accuracy and surface roughness. The basic mechanism of RUM is the combination
of ultrasonic machining and conventional diamond grinding. In this chapter devel-
opment, principle, mechanism, setup details of rotary ultrasonic machining has been
discussed. It also highlights the effects of diverse input parameters on performance
of RUM. TheMRR always increases with spindle speed; tool feed rate and ultrasonic
power. The surface roughness improved with spindle speed but worse with tool feed
rate and ultrasonic power. The chipping size reduced with spindle speed but increase
with tool feed rate and ultrasonic power. The cutting force reduces with spindle speed
and ultrasonic power but increases with tool feed. Various advancements in RUMhas
also discussed. A new technique for drilling called robotic rotary ultrasonic drilling
(RRUD) was developed. The application area of rotary ultrasonic machining (RUM)
in micro domain has also been highlighted. It is extensively useful for generation of
micro feature like micro hole, micro channel, complex micro cavity etc. on various
materials such as quartz, glass, SiC, and Al2O3.
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3.1 Introduction

The recent up-gradation and innovation of various hard and brittle materials and
advanced materials (ceramic, composite, optical etc.) have generated many chal-
lenging issues to machine these types of materials. Various advanced manufacturing
techniques are used tomachine thesematerials. These techniques are utilizing various
energy sources like mechanical energy, thermal energy and electrochemical energy
etc. to machine these materials [1, 2]. Utilizing mechanical energy for machining
these materials is one of the best choices. Ultrasonic machining (USM) is relatively
best technique for machining materials which are more hardness and brittleness
without considering of their electrical and thermal properties [3–4]. For ultrasonic
machining of alumina based ceramic composites fracture toughness plays vital role.
The Increment of fracture toughness of ceramic composite means reduction in MRR
and also surface roughness [5]. USM is used to fabricate a precise hole on soda lime
glass. To fabricate precise hole coating was done on workpiece before machining,
so crack formed on coating instead of workpiece [6]. An ultrasonic vibration holder
designed and used to drill Inconel 738-LC. After experiment it is observed that all the
circularity, roughness and hole accuracy enhanced by 60% [7]. Taguchi technique
is applied to carry out experiment on titanium alloy and observed that hih quality
product is produced [6]. After the collection of past experimental data, optimization
techniques is used and observed that WPC and PCA-based TOPSIS techniques bet-
ter performance than PCA based GRA technique. But, WPC technique is desirable
as it is s easy computational process [8]. USM process has also been used for the
manufacture of graphite electrodes [9]. Ultrasonic machining (USM) is a process
which is also used for finishing ceramics material (Al2O3) [10].

Rotary ultrasonic machining (RUM) was developed for enhancement over ultra-
sonic machining (USM). In USM abrasive slurry (combination of abrasives and
liquid media in appropriate quantity) is fed in top surface of workpiece throughout
the operation. While in RUM, abrasives are closely affixed to the tool tip. Because
of this, few drawback of the stationary ultrasonic machining are solved. In case of
stationary USM abrasive and debris particles try to spoil the wall of the machined
surface during the recalculation of abrasive slurry thus maintains to close tolerance
is very difficult. The use of saturated diamond particles in RUM to improve the
hole and geometrical accuracy and it is easy to drill deep holes. It is not possible
to supply the abrasive slurry to the workpiece during thicker material and complex
shape generation; so replaced of abrasive slurry with RUM for broad application is
a best chaise. It has been reported that RUM is competent same work 10 times more
rapidly than stationary USM in identical machining condition. The better quality
surface obtained compared to stationary USM [11].
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3.1.1 Ultrasonic Machining

The name “ultrasonic” is used to explain the vibratory waves have a frequency more
than the audible range of healthy person i.e. far away 20 kHz. The audible range of
vibration is the one which the human ear perceives (i.e. 20.0 Hz to 20.0 kHz). The
ultrasonic range of vibration lies above this i.e. Frequency beyond 20 kHz. Ultra-
sonic vibration has been known not only as a feasible and reliable option to prophesy
diseases in medical practices but also an established technique in non-destructive
detection and manufacturing [12]. Ultrasonic energy is a type of mechanical energy.
While the ultrasonic wave enters in the solid, it can create an extra stress field in
the material. In manufacturing, ultrasonic machining has been extensively useful to
difficult-to-machine materials. Traditional machining in the presence of ultrasonic
can be delineating into ultrasonic machining (USM) and ultrasonic assisted machin-
ing (UAM). With the aid of ultrasonic it can extend to ultrasonic assisted turning,
ultrasonic assisted drilling, ultrasonic assisted milling, ultrasonic assisted grinding,
ultrasonic assisted EDM, and ultrasonic assisted LBM etc.

The use of ultrasonic vibration for material removal was first proposed in 1927 by
Wood and Loomis [13]. For USM, 1st patent issued to Balamuth [14]. The first tool
made for ultrasonic machining in 1954 [15]. However, ultrasonic machining (USM)
paying attention into industry comparatively broad level and useful to the cutting
of hard but brittle materials for example glass, silicon, ruby and ceramics, titanium,
composite ceramic etc. Due to succeeding blow strokes of abrasives, material is
removed from the work in the form of micro chip.

3.1.2 Development of RUM

To defeat the limitation of USM, RUM was first made-up by Percy Legge in 1964.
He is a technical officer at UKAEA (United Kingdom Atomic Energy Authority).
In this RUM device, abrasive slurry and tool are substituted by diamond bonded
tool and with revolving workpiece. But, this device also some limitations, because
of workpiece were fixed in rotating four-jaw chuck. So, relatively small workpiece
could be fixing and only circular hole can be machined. Some improvement of RUM
was done with tool rotation and stationary workpiece. The rotation of tool made it
preciselymachine with close tolerance. By using different shaped tools it extended to
milling, slot cutting, screwing threading and grinding of internal and external surface.
RUM had been considered as an upgrading mode fromUSM to defeat the limitations
of USM. But by definition, it is a hybrid machining process, which combines two
techniques, which is conventional diamond grinding and USM [16, 17]. It is also
known by others name as ultrasonic drilling [18], ultrasonic grinding and ultrasonic
twist drilling [16].
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3.1.3 Basic Working Principle

Rotary ultrasonic machining system has basically three unit namely ultrasonic spin-
dle unit, data acquisition unit and coolant supply unit [16, 19]. An ultrasonic spindle,
a transducer, a power supply and an electric motor are main constitutes of ultra-
sonic spindle unit. The power supply unit change low-frequency (50–60 Hz) into
high-frequency (20 kHz) [16]. Piezoelectric transducer is employ to change this
high-frequency electrical energy into linear high frequency mechanical vibrations.
In general, a piezoelectric transducer is preferred for ultrasonic machining processes
as it work with more electromechanical conversion efficiency (capable of 96%) and
as well low cooling is needed compare to a magnetostrictive transducer work with
lower efficiency (capable of 20–35%). Piezoelectric transducer also consume smaller
quantity of power for the equal output and also creates a less sound in working envi-
ronments, which build easier for the machinist. The amplitude of the ultrasonic
vibration is very low, so amplitude is boost my means of horn and transferred to the
tool. At last tool vibrate at ultrasonic frequency. Figure 3.1 show the schematic view
of working principle of RUM.

In stationary USM, the abrasive particles are free to move with liquid media so
numbers of the acting abrasives are less during machining. So, the material removal
rate for stationary USM is less than rotary USM where the abrasives are bonded on
the tool and more abrasives are acting during machining. It increases as the machin-
ing depth increases. The free abrasives in stationary USM spoil the surface of the
machined vertical wall as it comes back toward the wall surface, which restrictions
geometrical accuracy, especially for small holes. In addition, the free abrasive par-
ticles; remove the tool material itself, which cause tool wear and, so it is not easy
to found close tolerances in stationary USM. In case of rotary ultrasonic machining
abrasive particles are bonded with tool itself so the positions of abrasives are fixed
and the force at which the abrasive particles acting on the workpiece is higher com-
pared to stationary USM and hence material removal rate is higher. Close tolerance

Fig. 3.1 Schematic view of
working principle of RUM
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Fig. 3.2 Schematic view of material removal mechanism in RUM

is observed and also better surface finish is obtained during RUM by controlling size
of the abrasive particles in the abrasive bonding rotary tool.

3.1.4 Material Removal Mechanism

RUM is the grouping of USM and conventional diamond grinding processes. So,
during the machining; material removal mechanism involves of static USM and
conventional grinding. Various methods such as hammering, extraction and abrasion
actions are involved during rotary ultrasonic machining process [20].

(i) Hammering action: Indentation and crushing of workpiece under the shock
of tool vibration more than 20 kHz is the source the material removal by
“hammering action”.

(ii) Abrasion action: Material removal by only rotation of abrasive bonded tool
considers identical of conventional grinding and it is named as “abrasion
action”.

(iii) Extraction action: The vibration as well as rotation of tool simultaneously
causes the material removal by “extraction action”.

This is schematically represented in Fig. 3.2. Because of amalgamation of above
mention mechanisms, RUM gives better performance than individuals achieved by
ultrasonic machining or conventional diamond grinding.

3.2 Rotary Ultrasonic Machining System Details

A typical Rotary ultrasonic machining (RUM) system comprises of a machine and
a tool. The major components of a RUM machine are ultrasonic spindle unit, and
a coolant system and data accusation system. The details of all the components are
discussed in following subsection. The schematic view of RUM system details is
shown in Fig. 3.3.
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Fig. 3.3 Schematic views of RUM system details

(i) Ultrasonic spindle unit: In RUM system, ultrasonic spindle unit is uniquely
design. It has an ultrasonic spindle, power supply, an electricmotor, a pneumatic
feed device and a control panel. The power supply changed low frequency
electrical energy (60 Hz) to high frequency (20 kHz) electrical energy. By the
use of piezoelectric transducer it changed to ultrasonic vibration (≥20 kHz).
The required amplitude of ultrasonic vibration is large so it is amplified through
the horn located in the ultrasonic spindle and transferred to the cutting tool.
The energy of ultrasonic vibration may possibly be changed by changing the
output of the power supply. The motor at top of the ultrasonic spindle gives the
revolving speed to the tool at diverse speed by regulating the speed of the tool.

Various types of shaped tool are used for RUM. Diamond-impregnated
or electroplated tool are used for machining ceramic and glass. Diamond-
impregnated tools are appropriate, but electroplated tools are inexpensive, so
the choice of tool depends on the material to be machined.

(ii) Data accusation system: Themain component of the system has a dynamome-
ter, charge amplifier, an A/D convertor, a data acquisition card and a personal
computer with software. The function of dynamometer is to measure force in
the direction of ultrasonic vibration. Charge amplifier receive electrical signal
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from dynamometer. It amplifies and transferred into digital signal via A/D con-
verter. After processing by signal conditioner, the digital signals received by
data acquisition card on the computer by means of software.

(iii) Coolant system: The coolant system was used to clean the machining zone
from the debris particle and also to give coolant for both the spindle and the
tool-work interface. It contains coolant reservoir, coolant pump, valve, flow
rate gauge, pressure regulator, and pressure gauge for the proper supply of
coolant in the machining zone.

3.3 Effects of Process Parameters on Performance of RUM

The rotary ultrasonic machining (RUM) process is one of the faster and appropriate
technique for machining of difficult to machine materials having brittleness like
ceramic, glass, optical glass, ceramic matrix composite, bio-ceramic, titanium alloy
etc. The MRR, accuracy, surface finish, tool wear rate and edge chipping have been
improved in RUM compared to stationary USM. Different machining parameters of
RUM process affect machining criteria like MRR, accuracy, average surface finish,
tool wear and edge chipping. From the cause effect diagram of RUM represented
in Fig. 3.4, the machining or input parameters and responses of RUM process are
identified.

Fig. 3.4 Cause effect diagram of RUM process



60 S. Kumar et al.

3.3.1 Effect of Process Parameters on MRR

Figures 3.5a, b and c exhibit the effects ofmajor process parameters such as ultrasonic
power, spindle speed and feed rate onMRRrespectively duringmachiningof titanium
alloy, alumina and ceramic matrix composites. The ultrasonic power has no major
effect on MRR of titanium alloy and alumina. MRR rises with raise in ultrasonic
power during RUM of ceramic matrix composite [21]. The variation of MRR during
different material is different because of material properties.

The effect of spindle speed on MRR is shown in Fig. 3.5b. From the graph it
can be observed that the spindle speed has less effect on MRR of titanium alloy.
The effect of spindle speed on MRR for RUM of alumina has been reported by Jiao
et al. [22]. Variation of MRR with spindle speed is very less. But in case of RUM of
ceramic matrix composite it is different from other two materials such as titanium
alloy and alumina. The MRR rises with raise in spindle speed for RUM of ceramic
matrix composite materials [21]. When the feed rate increases MRR also increases.
The increment of feed rate means, the tool movements quicker in the path of feed
causing an increase inMRR.During RUMof ceramicmatrix composite and alumina,

Fig. 3.5 Effect of process parameters on MRR
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relationship is also similar betweenMRR and feed rate [21, 22]. MRR increases with
feed rate for all material irrespective of its properties. During RUM, nature (brittle
or ductile) of the material is more important for material removal rate. For all the
process parameters MRR is higher during RUM of Alumina (Al2O3). It is followed
by ceramic matrix composites and Ti alloy.

3.3.2 Effect of Process Parameters on Surface Roughness

Figure 3.6a, b and c illustrate the effects of the input process parameters such as
power, revolving motion of tool and feed rate on the surface roughness of drilled
hole respectively. Zhang et al. successfully performed drilling operation on optical
K9 glass by utilizing RUM. Squeezed air acted as coolant during drilling operation.
The result of ultrasonic power on roughness of machined surface has been revealed
in Fig. 3.6a. For optical K9 glass the roughness of machined surface rises with raise
in ultrasonic power. The results of the rotation speed of tool on the surface finish,
is revealed in Fig. 3.6b. It indicates, with raise in spindle speed better surface finish
has been obtained. Figure 3.6c illustrate the variation of feed rate and surface finish.
The surface roughness increase as the feed rate increases.

Fig. 3.6 Effect of process parameters on surface roughness [23]
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3.3.3 Effect of Process Parameters on Edge Chipping

During hole generation on hard and brittle materials (ceramics and glass), edge
chipping size (chipping thickness) is vital criterion to estimate the hole quality.
Figure 3.7a, b and c demonstrates the results of the power, rotation speed of spindle,
and feed rate on chipping thickness respectively. From Fig. 3.7a it observed that
the chipping size reduces little while the ultrasonic power varies ‘between’ 20 and
40%, after that it drastically increases. From Fig. 3.7b, the chippings size reduces
with the raise in the spindle speed. From the Fig. 3.7c it is noticed that, feed rate
is more important process parameter for chipping thickness compared to other two
process parameters. During drilling operation by using RUMof brittle materials edge
chipping is induce due to fracture failure of machined workpiece. Stress distribution
of interface area of tool and workpiece gives the mechanism of edge chipping.

Fig. 3.7 Effect of process parameters on chippings size [23]
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Fig. 3.8 Effect of process parameters on cutting force [23]

3.3.4 Effect of Process Parameters on Cutting Force

The effects of the ultrasonic power, spindle speed, and feed rate on the cutting force
are revealed in Fig. 3.8a, b and c respectively. The cutting force reduces with rise in
ultrasonic power. Up to the 20% ultrasonic power, cutting force suddenly reduced.
Furthermore rise in the ultrasonic power, the decreasing speed of cutting force low.
With increase in the spindle speed the cutting force reduces gradually as revealed in
Fig. 3.8b. Figure 3.8c shows relation between feed rate and the cutting force. The
cutting force rises with raise in feed rate. During RUM of CFRP, cutting force is
consistent with increase in spindle speed and feed rate while cold air used as coolant.
For RUMoperation of optical K9 glass, cutting force is consistent with rising spindle
speed and feed rate by using cutting fluid as coolant.
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3.4 Advantages

Rotary ultrasonic machining has the various advantages listed as bellow:

(i) In rotary ultrasonic machining abrasives are fixed in tool tip instead of free
abrasives.

(ii) The force required for RUM is low compared to conventional diamond
grinding and stationary ultrasonic machining.

(iii) MRR is about 10 times faster comparing with ultrasonic machining.
(iv) Little damage to workpiece and long tool life.
(v) It is easy to drill deep hole because no need of loose abrasive slurry in RUM.
(vi) Low tool wear rate.
(vii) Higher machining accuracy is achieved.
(viii) RUM technique can be used for micro feature generation.

3.5 Applications

Rotary ultrasonic machining has the various applications listed as bellow:

(i) RUM is usually applied for drilling, but as well very useful for milling,
complex shape machining, turning, grinding, surface texturing and finishing
operations.

(ii) It can machine bio-ceramics like alumina, zirconia, hydroxyapatite which has
great application in medical implants.

(iii) It can machine silicon, quartz, sapphire etc. which has wide application in
semiconductor industry.

(iv) It can also produce deep holes in the borosilicate glass, ceramics, and ceramic
composites wherever required good tolerance hole.

(v) RUM can also machine beryllium oxide, polycrystalline diamond, titanium
and its alloy, bone, silicon nitride, stainless steel etc.

(vi) It can machine optical K9 glass which is used in optics, electronics,
thermodynamics and fluidics appliances.

(vii) It can machine ceramic matrix composites (CMCs) which has application in
fuel injector nozzles and gas turbine engine.

(viii) RUM is able to machine carbon fiber reinforced polymers (CFRP) which has
been used in airspace, airplane and defense industries.

3.6 Recent Advancement

Continuous advancement in the existing machine setup always becomes essential
for betterment of performances. It is compulsory to survive with regularly changing
advanced techniques. The recent techniques come with additional benefit and wide
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application. Various researchers investigated in the area of RUM. The research areas
of RUM are design and upgradation of main components such as sonotrode, spindle,
ultrasonic vibrator, tool, measuring technique, frequency tracking, etc. of the RUM
system for improving the machining performance.

An ultrasonic spindle is designed and developed for RUM and also validate. It is
observed that amplitude of ultrasonic vibration is less than one micron generated on
the spindle. It is also concluded that application of electromagnetic force shows the
better execution [24]. The software namelyANSYS and FEMhas been used to design
ultrasonic transducer formaximize the amplitude and reduce the resonance frequency
error [25]. A new tool designed for rotary ultrasonic milling process through utilizes
the finite element method and ANSYS. It was concluded that increase in tool length
means raise in mass as well as resonance amplitude but drop in frequency [26].
A novel approach was proposed for measuring vibration amplitude during RUM
process. In this approach microscope was used for perceive the machined surface by
RUM. The novel measurement approach give better performance than earlier used
dial indicator method [27].

A new technique for drilling called robotic rotary ultrasonic drilling (RRUD)
was developed. It consists of a robot with devoted end effector and a small rotary
ultrasonic drilling (RUD) system [28]. The small RUD system is accumulated on
the end effector. The weight of RUD system is one kilogram. It consists of ultra-
sonic generator, transducer, horn and drill bit. The schematic view of RRUD system
is demonstrated in Fig. 3.9. In RRUD system, the ultrasonic generator gives the
high-frequency electrical signal, after that the transducer changes it to mechanical
vibration. Later than, amplitude of ultrasonic vibration is increased by horn and
next transmits to the drilling tool. At last, the drilling tool obtains steady ultrasonic
vibration.

The diameter variation of drilled holes during robotic conventional drilling (RCD)
and robotic rotary ultrasonic drilling (RRUD) are illustrated in Fig. 3.10. It is clearly
noticed that, the diameter variation of drilled hole of RRUD is lesser than RCD,
particularly at higher spindle speed. It is also examined that machined hole quality
of RRUD is better than RCD. Natural rock, which is not homogeneous materials,
has been machined by RUM. RUM is used for drilling different kind of rocks such
as basalt, marble and travertine. From the experimental investigation it was reported
that RUM successfully applied for drill hard rocks. A higher feed rate and bigger
diameter of drill bit gives high cutting force. Abrasive concentration of 100 (4.4
carat/cm3) offer the small cutting force for basalt and marble and the cutting force
reduces as tool rotation speed increases. Abrasive concentration ismeasure according
to the weight of the diamond per cm3. Rotation speed of tool, feed rate, and ultrasonic
power had no significant outcome on quality of the machined surface [29].

Rotary ultrasonic micro machining (µ-RUM) is advancement of rotary ultrasonic
machining (RUM) for micro domain application. It is extensively useful for genera-
tion of micro feature on various materials such as quartz, glass, SiC, and Al2O3 [30,
31]. A micro hole fabricated on quartz crystal with rotary tool in micro USM. The
diameter of micro hole was 92 µm with high aspect ratio. Figure 3.11a and b show
the fabricated micro hole and the micro tool after machining respectively [32].
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Fig. 3.9 Schematic view of RRUD system

Fig. 3.10 The diameter deviations of holes by RCD and RRUD [28]
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Fig. 3.11 a the fabricated micro hole on quartz and b The micro tool [32]

Fig. 3.12 SEM image of blind hole on Quartz [33]

Figure 3.12 shows scanning electron microscopy (SEM) image of blind hole on
quartz. It represents the material removal characteristic of RUM. Figure 3.13 Shows
the SEM image of hole quality of entrance side of alumina ceramic.
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Fig. 3.13 SEM image of hole quality of entrance side of alumina ceramic [34]

3.7 Summary

The rotary ultrasonic machining process is probably faster and appropriate technique
for machining materials having more hardness and brittleness such as ceramic, glass,
quartz, optical glass, composite ceramics, bio-ceramic, titanium alloy etc. Rotary
ultrasonic machining (RUM) is an upgrading over stationary ultrasonic machining
(USM). The use of diamond impregnated tool in RUM improves the geometrical
accuracy and it is effortless to produce holes in thicker workpiece. RUM is competent
same work 10 times more rapidly than stationary USM in identical situation. A
typical Rotary ultrasonic machining (RUM) system details with major components
discussed in this chapter. RUM process provide enhanced performances in respect to
MRR, surface finish, edge chipping and cutting force compared to stationary USM
and conventional grinding. Different machining parameters of RUM process affect
machining criteria likeMRR, surface finish, edge chipping and cutting force has also
been discussed. RUMcan also be applied formicromachining domain for generation
of micro feature like micro hole, micro channel, complex micro cavity etc.



3 Rotary Ultrasonic Machining–New Strategy … 69

References

1. Jain NK, Jain VK (2001) Modeling of material removal in mechanical type of advanced
machining processes- A state of the art review. Int J Mach Tools Manuf 41:1573–1635

2. Jain VK (2013) Advanced machining processes. Allied publishers private limited, New Delhi,
India

3. Kataria R, Kumar J, Pabla BS (2015) Experimental investigation into the hole quality in
ultrasonic machining of WC-Co composite. Mater Manuf Process 30(7):921–933

4. GilmoreR (1998)Ultrasonicmachining andorbital abrasion techniques. SocManufEng419:1–
20

5. Deng J, Lee T (2002) Ultrasonic machining of alumina based ceramic composites. J Eur Ceram
Soc 22(8):1235–1241

6. Baek DK, Ko JT, Seung HY (2013) Enhancement of surface quality in ultrasonic machining
of glass using a sacrificing coating. J Mater Process Technol 213:553–569

7. Azarhoushang B, Akbari J (2007) Ultrasonic assisted drilling of Inconel 738-LC. Int J Mach
Tools Manuf 47:1027–1033

8. Gauri SK, Chakravorty R, Chakraborty S (2011) Optimization of correlated multiple responses
of ultrasonic machining (USM) process. Int J Adv Manuf Technol 53:1115–1127

9. Gilmore R (1991) Ultrasonic machining: a case study. J Mater Process Technol 28(1–2):139–
148

10. Ghahramani B, Wang ZY (2001) Precision ultrasonic machining process: a case study of stress
analysis of ceramic (Al2O3). Int J Mach Tools Manuf 41(8):1189–1208

11. Pei ZJ, Khanna N, Ferreira PM (1995) Rotary ultrasonic machining of structural ceramics: a
review. Ceram Eng Sci Proc 16:259–278

12. Shamoto E,Moriwaki T (1994) Study on elliptical vibration cutting. CIRPAnnManuf Technol
43(1):35–38

13. Nishimura G, Jimbo Y, Shimakawa S (1954) Ultrasonic machining-Part I. J. Fac. Eng., Univ.
Tokyo, 24(3): 65–100

14. Balamuth LA (1945) Method of abrading. British patent, 602801(1)
15. Rozenberg L, Kazantsev V, Makarov L, Yakhimovich D (1964) Ultrasonic cutting (translated

from Russian). Consultants Bureau, New York
16. Churi N (2010) Rotary ultrasonic machining of hard-to-machine materials. Doctoral disserta-

tion, Kansas State University, USA
17. Legge P (1966) Machining without abrasive slurry. Ultrasonics 4(3):157–163
18. Legge P (1964) Ultrasonic drilling of ceramics. Ind Diamond Rev 24(278):20–24
19. Neugebauer R, Stoll A (2004) Ultrasonic application in drilling. J Mater Process Technol

49(1):633–639
20. Pei ZJ, Ferreira PM, Kapoor SG, Haselkorn M (1995) Rotary ultrasonic machining for face

milling of ceramics. Int J Mach Tools Manuf 35(7):1033–1046
21. Li Z, Jiao Y, Deines T, Pei ZJ, Treadwell C (2005) Rotary ultrasonic machining of ceramic

matrix composites: feasibility study and designed experiments. Int JMach ToolsManuf 45(12–
13):1402–1411

22. Jiao Y, Hu P, Pei ZJ, Treadwell C (2005) Rotary ultrasonic machining of ceramics: design of
experiments. Int J Manuf Technol Manage 7(2–4):192–206

23. Zhang C, Cong W, Feng P, Pei Z (2014) Rotary ultrasonic machining of optical K9 glass
using compressed air as coolant: A feasibility study. Proc Inst Mech Eng, Part B J Eng Manuf
228(4):504–514

24. WuY, Yokoyama S, Sato T, LinW, Tachibana T (2019) Development of a new rotary ultrasonic
spindle for precision ultrasonically assisted grinding. Int J Mach Tools Manuf 49(12):933–938

25. Zeng FC, Zhang XH (2012) Optimal design of an ultrasonic transducer in rotary ultrasonic
machining. Appl Mech Mater 184:352–355

26. Kuo KL (2008) Design of rotary ultrasonic milling tool using FEM simulation. J Mater Process
Technol 201(1):48–53



70 S. Kumar et al.

27. Cong WL, Pei ZJ, Feng Q, Deines TW, Treadwell C (2012) Rotary ultrasonic machining of
CFRP: A comparison with twist drilling. J Reinf Plast Compos 31(5):313–321

28. Dong S, Zheng K, Liao W (2018) Stability of lateral vibration in robotic rotary ultrasonic
drilling. Int J Mech Sci 145:346–353

29. Fernando P, Zhang M, Pei Z (2018) Rotary ultrasonic machining of rocks: An experimental
investigation. Adv Mech Eng 10(3):1–9

30. HuP, Zhang JM, Pei ZJ (2003) Experimental investigation on coolant effects in rotary ultrasonic
machining, NSF workshop on research needs in thermal aspects of material removal processes.
Stillwater, UK, pp. 1–6

31. Kiran RS, Kolluru VSS (2005) Rotary ultrasonic machining a review. Proc Natl Aerosp Manuf
Soc 22–23:105–114

32. Lei S, Yu Z, Zhou K, Li J, Kang R (2019) Influence of the planetary movement of tool on the
aspect ratio of micro holes machined by micro-ultrasonic machining. J. Micro Nano-Manuf
7(1):010905

33. Wang J, Zhang J, Feng P, Guo P, Zhang Q (2018) Feasibility study of longitudinal–torsional-
coupled rotary ultrasonic machining of brittle material. J Manuf Sci Eng 140(5):051008

34. Singh RP, Singhal S (2016) Experimental study on rotary ultrasonic machining of alumina
ceramic: microstructure analysis and multi-response optimization. Proc Inst Mech Eng Part L:
J Mater Design Appl, 146442071665737. https://doi.org/10.1177/1464420716657370

https://doi.org/10.1177/1464420716657370


Chapter 4
Abrasive Water Jet Machining

Sachin Singh, Vishal Gupta, and M. R. Sankar

Abstract Abrasive water jet machining (AWJM) is a non-traditional technology
widely used in industries for processing of materials. AWJM is a replacement for the
other modern and conventional machining processes that have thermal or mechanical
disadvantages for workpiece and tool material. AWJM is mainly used for cutting
but few researchers successfully used AWJM process for controlled depth milling,
drilling, turning, peening etc. Today’s modern technology developed the AWJM
process into a complete machining process that can produce precise and consistent
results. AWJM can easily be employed for processing of intricate shape components
made of brittle, hard, soft as well as ductile materials. A wide variety of materials
ranging from stone, glass, titanium, steel, ceramics, composites, etc. can be easily
machined by the AWJM.

Keywords Abrasive · Machining · Cutting · Modeling · Jet

4.1 Introduction

Machining of components used in high performance applications shares a consider-
able amount of its total cost. Also, there is a high demand for machining material
with considerable speed and accuracy. Abrasive water jet machining (AWJM) is one
of the modern machining process that came into existence during the last quarter of
20th century [1]. AWJM involves the high pressure (typically 200–350 MPa) water
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that is accelerated by a fine orifice (typically diameter 0.24–0.40 mm) containing
abrasive particles (typically mesh size#50–#120) on the workpiece surface to be
machined. AWJM machining is particularly useful during working with difficult to
machine material. AWJMhas number of advantages over conventional and advanced
machining methods such as high flexibility, less cutting force, machining versatility,
machined surfaces with minimal distortion, heat build-up and residual stresses [2].
Thus, AWJM is particularly useful in machining brittle materials and composites.
Authors [3] experimentally showed the superior cutting performance of the AJM
compared to the cutting of composites by plain water jet and laser. Also, compared
to the electric discharge machining (EDM), chemical etching, plasma and flame cut-
ting AWJM shows a higher damage free machining rate [4]. AWJM is primarily used
for cutting operations but it can also be used for decoration/texturing of brittle mate-
rials, milling, turning, peening, forming and deep hole drilling [5]. Further, AWJM
can be modified into several hybrid forms like hybrid machining with cutting fluids,
abrasive cryogenic and ice jet machining etc. AWJM can be used to cut materials
from thickness ranging between 4.6 to 300 mmwith±0.13 mm accuracy. It can drill
holes up to a depth of 150 mmwith tolerances below±0.03 mm. Also, the minimum
diameter hole that can be drilled by AWJM is 0.2 ± 0.03 mm [4].

4.2 Primary Components of the AWJM System

During AWJMmore than 25 input parameters were identified by the researchers [6].
Major input parameters which affect the cutting performance of the AWJM process
are water supply pressure (WP), nozzle diameter, stand-off distance (SOD), size
and type of abrasive particles nozzle transverse speed (NTS) and abrasive particle
flow rate (AFR) [7]. Relationship between various AWJM input parameters and
corresponding output responses is shown in Fig. 4.1.

Authors in various literatures characterized the machining performance of the
AWJM by studying the surface texture, surface integrity and material removal rate
(MRR) of the machined workpiece surface as output responses (Fig. 4.2).

A typical system of AWJM setup is given in Fig. 4.3. The setup consists of
following six major modules

(i) Hydraulic pump
(ii) Intensifier pump
(iii) Abrasive delivery system
(iv) Cutting head
(v) Position control system
(vi) Catcher unit.

The filter water without impurities is used in AWJM for the safe and proper
working of the setup.

(i) Hydraulic pump: Hydraulic pump in combination with intensifier pump is
heart of the AWJM system. It is a radial displacement pump that pumps the
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Fig. 4.1 Schematic showing the relationship between various input parameters of abrasive water
jet machining and output responses [8]

Fig. 4.2 Workpiece surface features associated with abrasive water jet machining

high pressure fluid to the system. Hydraulic pump generates the pressure of
around 21 MPa in the fluid.

(ii) Intensifier pump (IP): The primary function of the IP is to pump a high
pressure water form a low pressure fluid input. The reciprocating piston of the
IP is driven by the fluid pumped by the hydraulic pump. Intensifier contains a
plunger on both ends of piston that produces pressure in two directions. Left
side of the intensifier act as an inlet stroke, while the right side generates ultra-
high pressure as output. During the first face of process pure water comes into
the high-pressure cylinder. During the reverse motion of the piston, the water
gets compressed and leaves the intensifier at ultra-high pressure. The motion
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Fig. 4.3 Major components of the abrasive water jet machine

of the piston is controlled by the limit switches which were fixed at the end of
piston. Due to the compressibility of at the water generally, 15% of the piston
stroke pressurize and compress the water without causing the flow of water in
the system. This leads to the fluctuations in the pressure of the water. Therefore,
an attenuator is provided for damping the pressure fluctuations if any and to
provide a steady stream of ultra-high-pressure water.

(iii) Abrasive delivery system: It mainly comprises of the hopper, an abrasive
metering device and a distribution line. Hopper is used for storing the abra-
sives. Abrasivemetering value is used to control as well tomeasure the abrasive
flow rate. The transport of the abrasives from the metering valve to the cutting
head is carried out by delivery line. It is required to maintain a minimum pos-
sible distance between the hopper and cutting head for obtaining high cutting
performance. In the literature abrasive of size 0.1 to 0.3 mm with a mass flow
rate of around 15 to 30 kg/h is used during the experimentation work. Focusing
tubes with longer lengths results in coherent jets but also produces low velocity
due to friction between jet and tubes inner wall [4].

(iv) Cutting head: The cutting head includes three components viz. orifice, nozzle
and mixing chamber. Cutting head controls and provides the high pressure
abrasive water jet. Primarily role of the orifice is to convert high pressure
water into high velocity jet. Typically, the diameter of orifice varies from 0.08
to 0.8 mm and is made of hard material such as sapphire, diamond etc., the
mixing chamber is located between the orifice and nozzle. Abrasive particles
enter the mixing chamber by vacuum suction and are mixed with the water
jet [9]. Thereafter, the water jet containing abrasive particles is accelerated
by the nozzle. Nozzle length affects the velocity attained by the water jet.
Therefore, an optimum length is required for attaining maximum velocity.
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With tungsten carbide as the manufacturing material, nozzle length lays in the
range of 50–100 mm.

(v) Position control system: Drive of the cutting head is controlled by the position
control system. The device can be a mechanical manipulator or a multi-axis
robot. Higher the controlled and multi-axis movement of the cutting head more
accurately intricate shapes can be produced from theworkpiece.Manufacturing
software in combination with CNC controller can be employed for positioning
the cutting head.

(vi) Catcher: During the AWJ process, a huge magnitude of kinetic energy gener-
ated at the nozzle outlet but nearly 75% of the contained energy is retained even
after the cut of the workpiece by the water jet. Therefore, a component called
catcher is required to collect the water, metal debris and abrasive particles.
Catcher is broadly classified into two main categories tank catcher and point
catcher. Point catcher is used in case of moving workpiece and fixed nozzle.
While a tank catcher is required in case of a moving nozzle in combination
with the fixed workpiece.

4.2.1 Various Cutting Stages During AWJM Process

There are mainly three cutting stages during the machining of the workpiece by the
AWJM process [10]:

1. Initial stage: This is known as the development stage of the water jet. This stage
extends for a length, X0, thereafter the jet achieves maximum depth of cut, h.

2. Steady stage: During the steady stage cutting is performed in a cyclic manner.
Steady stage cut extends up to a depth, h. Zone up to hc is known as the cutting
wear zone and material removal takes majorly by the particle impact on the
workpiece surface at a shallow angle. Beyond hc is the deformation zone which
is marked by the impact of the jet at large angles causing jet instabilities and
forming waviness in the machined surface.

3. Exit stage: When the jet advances to the workpiece exit edge, an uncut triangle
is found with its top location at a depth of hc. Therefore, complete separation of
the opposite sides hc should be greater than the thickness of the workpiece. This
can be achieved by properly adjusting the AWJM input parameters (Fig. 4.4).

4.3 Experimental Study

Savrun and Taya [11] studied the performance of AWJM during machining of high
temperature ceramics and composites. Authors studied the microstructure and sur-
face finish of the machined workpiece. Machined surfaces are smooth free from
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Fig. 4.4 Schematic showing the various cutting stage of an abrasive jet from entry to exit of the
workpiece [10]

crack and don’t show any microstructural changes. Similar study is carried out by
Hamatani and Ramulu [7] during the piercing and slot cutting of ceramics and metal
matrix composites. Authors evaluated the cutting performance in terms of hole taper
produced during piercing and kerf width along with surface roughness during slot-
ting operation. Authors [12] carried the AWJM of lexan, lucite and glass to study
the cutting process dynamics. They observed that cutting process consists mainly
of two erosion modes. First is cutting wear mode that occurs at a shallow angle of
impact and results in steady cutting.While deformation wear mode results for a large
angle of impact and causes unsteady penetration zone in the workpiece. Authors also
studied the surface characteristics of the thin metal sheets [10], thick materials [13]
amorphous material [14] and polymer matrix composite sheets [15] machined by the
AWJM process. Chen and Siores [16] concluded that the striations on the workpiece
surface are because ofwavy nature of the abrasive particle kinetic energy, vibration of
nozzle and fluctuations other AWJM input variable. Hascalik et al. [17] investigated
the effect of jet traverse speed on the machined morphology. Authors identified three
distinct cutting zones on the machined surface viz. initial damage zone (IDR) on top
followed by a smooth cutting zone (SCR) and at last the rough cutting zone (RCR).
The abrasive particles strike on the workpiece is getting decrease with increases in
the water jet speed. This will lead to lesser depth of cut as well as the width of IDR
and SCR also decreases (Fig. 4.5).



4 Abrasive Water Jet Machining 77

Fig. 4.5 Machined surface topograpgy at various traverse speeed a 60 mm/min b 200 mm/min
[17]

Authors [18] also investigated the material to be used in making the mixing tube
of the AWJM process. Performance of three materials viz. B4C, WC and compos-
ite carbide were investigated in terms of wear under abrasion and erosion. Authors
concluded that composite carbide shows the least wear rate. Momber and Kovacevic
[19] studied the effect of AWJM input parameter viz. NTS, AFR and WP during
the AWJM of rocks. Authors showed that for every input parameter there exists a
minimum and maximum threshold value above and below which machining is effec-
tively performed. Later [20] authors also incorporated acoustic emission technique
to study the material removal process of AWJM. Particle size and velocity affects
the AWJM performance during cutting of rocks [21]. Further, hardness as well as
the porosity also affects the mechanism by abrasive water jet process [22]. Gupta
et al. [23] studied the machining performance of AWJM by cutting marble. Authors
concluded that NTS is the major input parameter that affects the kerf width and taper.
While, glazed vitreous tiles were machined by Santhana kumar et al. [24]. Authors
reported the best combination of AWJM input parameters to achieve an optimum
cutting surface quality. Effect of material properties on the surface integrity and
texture after AWJM process is studied by Arola and Ramulu [25] by carrying out
experiments on 6 different metals. Authors concluded that ductility, strain harden-
ing and metal strength coefficient also decides the machined surface characteristics.
Wand andWong [26] carried out the experimental investigation for studying the kerf
quality during the AWJM of coated metallic sheets. Based on the experimental study
authors developed empirical relations for kerf width (Wt), kerf taper (Ta) and kerf
surface roughness (Ka) as a function of input parameters which are given as:

Wt = −1.554 + 0.019P + (4.33Sd + 1.14V Sd − 0.01785V P + 4.33Sd P

− 0.321P2)10−4 (4.1)

Ta = −1.067 + 0.008P − 0.212Fr − (0.0789V P + 3.887Fr Sd + 1.906V Sd

− 1.363P2 + 0.02016V2)10−5 (4.2)
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Ka = 34.506 − 0.221P + (4V − 0.9242V Sd + 5Sd P − Fr Sd + 0.3717P2)10−3

(4.3)

where, P is WP, V is NTS, Sd is SOD and Fr is AFR. Similar study is carried out
by Babu and Chetty [27] during the AWJM of trapezoidal aluminum work piece.
Authors carried out the detailed experimental study and analyzed influence of input
parameter on the AWJM output responses the same by performing analysis of vari-
ance (ANOVA). Authors [28] also used various advanced optimization techniques
to optimize the AWJM during the cutting of aluminum workpiece.

Several authors [29, 30] performed detailed AWJM experimental study and devel-
oped regression equation for predicting theRa of themachinedglass/epoxy composite
as a function of AWJM input parameters in combination with composite material
properties.

Ra = 4.074 − 2.93 × 10−4x1 − 1.9 × 10−5x2 + 6.89 × 10−2x3 − 6.67 × 10−2x4

+ 5.66 × 10−4x5 − 5.28 × 10−3x6 + 9.6 × 10−3x7 − 1.36 × 10−2x8 (4.4)

where, x1 is hardness of abrasive material, x2 is pressure, x3 is standoff distance,
x4 is abrasive flow rate, x5 is traverse speed, x6 is tensile stress of fibre, x7 is fibre
volume fraction and x8 is composite laminate thickness. Authors [31] also machined
CFRP by usingAWJMprocess. Authors concluded that lay up of thematerial doesn’t
influence the kerf width and taper. Also, to obtain minimum kerf taper AWJM should
be carried out at high pressure, low SOD and high NTS. Parametric study of the
AWJM machining process during the cutting of glass-vinyl ester composite was
performed by Armağan and Arici [32]. During the cutting process, standoff distance
contributes for 73.35% in determining the top kerf width. While, Ra of the machined
surface is decided by SOD, WP, and AFR. Selvam et al. [33] machined hybrid
composites (Reinforcement: E-Glass fabric and Carbon fabric; Matrix: Epoxy resin)
with the AWJM process and developed the following empirical relation for the Ra

of the composites:

Ra = 2.62938 − 0.12158A + 0.032089B + 0.022661C + 1.70009D

+1.3675 × 10−4AB + 5.625 × 10−6AC + 3.4125 × 10−3AD

− 7.0875 × 10−5BC − 4.8375 × 10−3BD + 1.48125E − 3CD

+2.73825 × 10−4A2 − 3.21754 × 10−5B2

− 3.04386 × 10−6C2 − 0.095439D2 (4.5)

where,A toDare themagnitudes ofNTS,WP,AFRandSOD.Kumar et al. [34] devel-
oped regression model forMRR and Ra during the machining of aluminium/tungsten
carbide composites by AWJM as:

MRR = 1.00712 − (0.0235 × SOD) + (0.0649 × NT S) − (0.0298 × WC)



4 Abrasive Water Jet Machining 79

+ (0.0126 × T S × SOD) − (
0.0106 × SOD2

)

− (
0.0128 × NT S2

) − (
0.0116 × WC2) (4.6)

Ra = 4.19385 − (0.2947 × SOD) + (0.3442 × NT S) + (0.6951 × WC)

− (0.0637 × NT S × SOD) + (0.11555 × SOD × WC) + (
0.1073 × WC2

)

(4.7)

For achievingmaximumMRRwithminimumRa authors carried out the optimiza-
tion study and proposed SOD of 0.422 cm, NTS of 3.72 mm/s, andWCof 2.10% for
obtaining the same.

Effect of AWJM input parameters and theMRR of the amorphous material during
machining is studied by Aich et al. [35]. Authors used borosilicate glass as the
workpiece material and developed the following linear model to map the relationship
between depth of cut (DOC) with major input parameters:

DOC = e−3.9417 + P1.1441 + m0.5293
a + V−0.7027 + F0.0542

r (4.8)

Kechagias et al. [36] used Taguchi method to design the experiments for deter-
mining the influence of input parameters on output responses during the cutting of
steel sheets by the AWJM process. Authors concluded nozzle diameter contributes
majorly i.e. 74.47 and 26.61%, in deciding the kerf width and Ra, followed by stand-
off distance, thickness of the sheets and traverse speed. Authors [37] concluded from
the extensive literature survey on machining of steel by AWJM that proper selection
of nozzle diameter and orifice diameter improves the quality of kerf. Also, pressure
and material of the abrasive particle are the significant parameters that influence the
Ra. Axinte et al. [38] carried out experimental study on the AWJM process during
the cutting of polycrystalline diamond (PCD). Authors used aluminum oxide, silicon
carbide and diamond as abrasive particles. Machining with diamond abrasive gives
highest MRR with a defect free machined surface having a Ra of less than 4.6 μm.
Later, authors [39] extended the application of AJWM process to the dressing of
grinding wheels. Figure 4.6 shows the developed abrasive water jet turning setup.

Paul et al. [40] extended the application of AWJM to pocket milling of the work-
piece. Primarily concern during pocket milling by AWJM is change in the depth.
Authors in their study controlled the depth of pocket within 0.04 mm with a fine
surface finish. Shipway and Pashby [41] tuned various input parameters to perform
milling of titanium alloys by abrasive water jet. Authors showed that waviness of
the machined surface can be reduced by using high traverse speed, low pressure,
small mesh size abrasive particles impacting the workpiece surface at low impact
angle. However, such a combination of input parameters also reduces MRR. Effect
of shape and hardness of abrasive particle on the Ti64 machined surface prepared
by controlled depth milling using AWJM process is studied by Fowler et al. [42].
Authors concluded that the shape of the abrasive particle is non-significant during
the machining process. However, as the hardness of the abrasive particle increases
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Fig. 4.6 Schematic of the modified abrasive water jet machining setup to be used for turning [39]

MMR and Ra on the workpiece surface increases. AWJM not only is effective for
machining difficult to cutmaterials but can also be used formachining shapememory
alloys. Kong et al. [43] carried out the milling of nickel–titanium (NiTi) alloys by
AWJM process. Transformation temperature for shape memory alloy can be from
room temperature to around 80 °C. A variation in temperature can cause a change in
their mechanical and metallurgical properties. AWJM can be a viable alternative for
machining shape memory alloys as thermal energy generated is least as compared
to the other machining process. However, abrasive particle embedment on the work-
piece surface at high jet velocities can result in reducing its fatigue life and still an
area for improvement. Uthayakumar et al. [44] also performed machining of nickel
based superalloys by AWJM process. Experimental study of the machining process
shows that jet pressure plays a major role in determining machined surface quality.

Influence of feed rate during machining of ductile materials like aluminum alloy,
steel and brass with varying thickness is studied by Akkurt et al. [45, 46]. Authors
concluded that the material with higher strength has higher deformation and surface
roughness after AWJM of thinner workpiece. Later, Akkurt [47] extended the use of
AWJM process for the drilling of various metals such as steel, brass and aluminum
alloy. Authors showed that AWJM process can successfully drill holes in metal
workpiece. However, as the thickness of the workpiece increases the roughness of
machined surface deteriorates. Also, machining time depends on the material of the
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Fig. 4.7 Scan electron microscopic image showing hole drilled by a AWJM b EDM [49]

workpiece to be drilled. Authors [48] showed that AWJM process can also be used
for drilling holes in glass. Ceramic thermal barrier coated (TBCs) components are
used in the aerospace industry. It is highly challenging to make a micro hole in such
components by electro-discharge machining (EDM) due to their non-conductive
nature. To overcome such limitations of TBCs, authors [49] first used AWJM for
removing the ceramic layer and drilling a blind hole. Later, EDM process is used to
obtain the hole with the desired geometry (Fig. 4.7).

Park et al. [50] used the micro-AJWM process for micro-grooving of glass with
80 μm groove width. Authors concluded that with proper masking method in com-
bination with tuned AWJM input parameters micromachining of semiconductors,
electronic devices etc. can be performed. Later, authors [51] tried to fabricate com-
plex features i.e., micro-pillars on the aluminum and steel alloy with the help of
AWJM process. As shown in Fig. 4.8 for the fabrication of the micro-pillar the jet
is moved along two cross raster paths with a distance of 4.2 times the jet diameter
between two consecutive jet paths.

Cutting of bones with saw and milling machine can cause thermal damage to the
bone tissues. To avoid such disadvantages Schwieger et al. [52] explored the potential
of AWJMprocess by cutting of cancellous bone. AJWMof ductile sometimes results
in the contamination of the surface due to the embedment of the fractured abrasives
on the workpiece surface. So, to overcome such drawback Patel [53] proposed nozzle

Fig. 4.8 Abrasive jet paths to fabricate micro-pillar with fabricated micro-pillar array with
fabricated micro-pillars [51]
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Fig. 4.9 Schematic showing the various nozzle oscillation methods [52]

oscillation technique. As shown in Fig. 4.9 authors used 2 modes of oscillation of
the nozzle during the experimental runs. It was concluded that mode 1 results in
decreasing the degree of contamination by 20%. While performing AWJM in mode
generates the machined surface with a 50% reduction in the degree of contamination.

Wang andGuo [54] demonstrated the improved performance of the AWJMduring
multipass mode compared to the single pass. Later, authors [55] also combined jet
forward impact angles with the multipass AWJM process for enhancing its perfor-
mance in terms of the total depth of cut, surface roughness and reduced kerf taper. To
make the AWJM more economical and environment friendly, recycling of abrasive
particles is also carried out. Babu and Chetty [56] performed the experimental study
on the performance of the AWJM during machining with recycled abrasives that
are recharged with fresh abrasive particles. For precise micro-machining by AWJM,
Miller [57] produced jet diameters less than 10 μm. To increase the cut area during
the AWJM authors used a suspension system of passing abrasive particles in water
rather than passing the abrasive particles carried by air in high velocity water jet.
There is an increase in the orifice and nozzle diameter during the machining due to
the erosive nature of high velocity abrasive particles. This affects the efficiency and
quality of theAWJMprocess. Jegaraj andBabu [58] studied the influence of change in
orifice and nozzle dimensions on the quality of the aluminum alloymachined surface.
Authors concluded that ratio between nozzle to orifice size should be maintained in
the ranges of 3–4.5 for a getting good quality machined surface. Desirable size of the
nozzle is in between 0.76–4.2 mm, while that of the orifice is 0.25–0.3 mm. Palleda
[59] showed that by carrying out the AWJM with the slurry containing chemicals
such as acetone, phosphoric acid or (polyacrylamide) not only increases the MRR
but also reduces the taper of the drilled holes. Khan and Haque [60] performed the
cutting of glass by AWJM and studied the performance of three types of abrasive
particles viz. aluminum oxide, garnet and silicon oxide. Authors concluded that sil-
icon oxide abrasive particles being the hardest maintain its cutting efficiency from
the top of the cut to its bottom. Thus, the cut slots produced are of minimum taper.
Patel and Tandon [61] proposed to heat the workpiece material by an external heat
source (oxy acetylene gas flame) during machining of difficult of cut material by the
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Fig. 4.10 Microstructure of the channels surface after machining by thermally enchanted abrasive
water machining process at different temperatures [61]

AWJM process and termed the process as thermally enhanced AWJM (TEAWJM).
Heating the workpiece locally reduces its yield strength, hardness and strain harden-
ing. This results in an increase in MRR and improved machining time. As shown in
Fig. 4.10 themicrostructural study of the workpiece surface reveals that machining at
high temperature changes the microstructure in machining region but the machined
surface is free from any cracks.

4.4 Theoretical and Numerical Investigation

Chen et al. [62] during the machining of alumina-based ceramics by AWJM process
introduced a mathematical model to find the depth of penetration of jet, D which is
given as:-

D = C

(
qP

ua

)
(4.9)
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where, C and a are the constant that depends on nozzle geometry, workpiece and
abrasive particle material, q is AFR, u is NTS and P is WP. Later, authors [63] also
proposed the use of providing forward oscillation to cutting head for increasing the
efficiency of the AWJM process. Authors concluded that there is a 30% increase in
kerf depth with fine finished surface in case of oscillation when compared to without
oscillation. Abdel-Rahman and EI-Domiaty [64] also developed a cutting model
during the AWJM of ceramics. Developed model gives a relation between depth of
cut, H with the material properties and AWJM input parameters can be given as:-

H = 3

16
a
f1(αc)

f 22 (αc)

d j R

u

[
1

1 + R

]19/6

ρw

[
2P

ρw

](
r2/3p ρ7/12

p K 4/3
c H 1/4

t

)
(4.10)

where, f 1(αc), f 2(αc) are the functions that depends on jet exit angle, αc, a is the
constant, dj is nozzle diameter, R is abrasive to water mass flow rate, u is traverse
speed,P is pressure,Ht is vickers hardness,Kc is fracture toughness of theworkpiece
material, rp is abrasive particle radius, ρp is abrasive particle density, ρw is water
density. General erosionmodel during the impact of abrasive particles with the brittle
materials is given as:

W ∝ ve1(2re2p )ρe3
p K e4

c He5
t (4.11)

where, W is erosion rate, v is abrasive particle velocity. Such erosion model often
results in generation of radial cracks on the workpiece surface which in turn degrades
thematerial strength.Wakuda et al. [65] studied the feasibility of above erosionmodel
during the AWJM of ceramics. Authors concluded that AWJM doesn’t fit the erosion
model and hence abrasive particles will not produce surface damages in the form of
radial cracks during machining. Schwetz et al. [66] proposed the use of fine grained
boron carbide or boron carbide/metal boride composites as nozzle material. Such
material with increased fracture toughness improves the wear resistant and life time
of the jet nozzle. Later, an extensive study about the effect of length of nozzle diameter
and orifice diameter, AFR and WP on nozzle wear was performed by Nanduri et al.
[67]. Authors developed mathematical models for weight loss rate of nozzle (Wn)
and volume of nozzle material removed by single particle (V ) which can be given
as:-

Wn = (8.07E − 4)
P0.9 d0.38

0 ma

d0.5
n L0.8

(4.12)

V = (v sin α)1.9 (2rp)
3.28

(
Hp

Ht

)7.12

K−1.3
t (4.13)

where, dn, do are the nozzle and orifice diameter, L is nozzle length, ma is AFR, α
is inlet angle, Hp, Ht are the abrasive particle and workpiece hardness respectively
and Kt is workpiece material toughness. Vikram and Babu [68] presented a model
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Fig. 4.11 Schematic
showing the jet trajectory
along the workpiece depth
[68]

to predict the 2D topography of the workpiece surface machined by the AWJM.
Trajectory of the jet during the AWJM is shown in Fig. 4.11.

Velocity of the abrasive jet, Vy at any given depth y can be given as:

Vy = ay2 + by + c (4.14)

Also,

a = K 2/4, b = −KV 1/2
o , c = V0 (4.15)

The trajectory of the jet is obtained by following differential equation:

ρm�(d2j /4)
√

(1 + y′2) = −m[y′y′′(ay2 + by + c)2/(ε(1 + y′2)) + (y′2/ε + 1/β)

{(1 + y′2)(ay2 + by + c)(2ay + b)

− y′y′′(ay2 + by + c)2}/(1 + y′2)2] (4.16)

where, K is the material and process constant, Vo is jet initial velocity, m, ρm is
mass and density of abrasive particle, dj is diameter of jet. Later, Liu et al. [69]
performed computational fluid dynamics (CFD) simulation of high velocity water
jet during the AWJM process. Authors primary motive of the study is to understand
the dynamic characteristics of the jet such as distribution of jet velocity which in turn
will help in understanding the cutting mechanism during the AWJM process. Cutting
performance during the AWJM process depends on the AWJM input parameters and
workpiece properties. Abrasive particle velocity and impact angle changes with the
radius of curvature of the cutting surface along the depth of cut kerf which also
changes the erosion process of the workpiece material. Ahmed et al. [70] did the
numerical study to observe the impact characteristic of the abrasive particles as
a function of curvature radius of the cutting surface. Equation 4.17 is solved for
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determine the motion of abrasive particles:

mp
∂u

∂t
= F (4.17)

where, F is the total force acting on the particle, which the sum of drag force (FD)
and buoyancy force (FB) given as:

FD = 1

8
πd2CD|vr |vr (4.18)

FB = 1

6
πd3

(
ρg − ρ f

)
g (4.19)

where, mp is mass of abrasive, CD is drag coefficient, vr relative velocity between
abrasive and fluid, d is particle diameter, ρg is particle density, ρ f is fluid density and
g is gravitational acceleration. Matsumura and Fueki [71] machined micro channels
with the AWJM process. Authors also used CFD to simulate the machining process
(Fig. 4.12). Stagnation area generated under the jet during the machining of grooves
develops horizontal flow of jet and abrasive particles with the workpiece surface at
low impingement angles. Thus, producing a fine and crack free machine surface.

With proper understanding about the physics of the process it is easy to control
and optimize the same. Wang [72] also modeled the jet penetration depth during the
minor oscillation of the nozzle. Authors concluded that there is an improvement in
depth of cut by 82% by using small oscillation to nozzle (4–6°) at high frequency
(≈14 Hz). Depth of cut without nozzle oscillation (h1) can be given as:

h1 = k1maP

σ f uρwd j

(
D

Sd

)x( P

σ f

)y(Hd

E

)z

(4.20)

where, k1, x, y, z, are the constant needed to be determined experimentally, u is
traverse speed, P is WP, Sd is SOD, D is average abrasive diameter, Hd is dynamic
hardness, E young’s modulus, σ f is material flow stress, ma is AFR, dj is nozzle
diameter and ρw is density. While depth of cut considering nozzle oscillation (h2) is:

Fig. 4.12 Velocity conoutrs during the mahcihing of a plate b groove (20 μm deep) [71]
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h2 = k2maP

σ f uρwd j
θa

(
D

Sd

)a( P

σ f

)b(Hd

E

)c( FH

u

)d

(4.21)

where, k2, a to d are the constant needed to be determined experimentally, θa is nozzle
oscillation angle and F is oscillation frequency. To further increase the efficiency
of the AWJM process, Wang [73] extended their work by performing multi pass
AWJM with nozzle oscillation. Authors modified their previously developed model
for predicting depth of cut by incorporating new terms such as fracture toughness.
Depth of cut for one pass h1 is given as:

h1 = Cma

ρpd ju

(
P

σ f

)r1(Hd

σ f

)r2

θ r3

(
Sd
dp

)r4
(

Sdma

d3
pρpu

)r5(
Fd3

pρp

ma

)r6(
ρpu2

P

)r7

(
ρp

ρw

)r8
(

KIC

Hdd0.5
p

)r9

(4.22)

Also, depth of cutting for jth pass (hj) considering nozzle oscillation is given as:-

h j = β j
Cma

ρpdpu j

(
P

σ f

)r1(Hd

σ f

)r2

θ
r3

j

(
Sd j
dp

)r4
(

Sd jma

d3
pρpu j

)r5(
Fjd3

pρp

ma

)r6(
ρpu2j
P

)r7

(
ρp

ρw

)r8
(

KIC

Hdd0.5
p

)r9

(4.23)

where,β j, C, r1 to r9 are constants. Shanmugamet al. [74] proposed the incorporation
of a taper compensation angle to the nozzle to reduce the amount of kerf taper
produced during the machining of ceramics by AWJM process. Kerf angle, θ is
given as:

θ = k1α
(mau

P

)a
(

ρwu2

P

)b(
ρpu2

P

)c(
d j

Sd

)d(dp

Sd

)e(Hd

P

) f (σ f

P

)g
(

KIC

PS1/2d

)h

(4.24)

where, k1, a to h are the constant needed to be determined experimentally, Sd is
standoff distance, KIC is fracture toughness, ρp is abrasive particle density, dp is
average abrasive particle diameter and α is kerf-taper compensation angle. Authors
[75] concluded that minimum taper is produced during machining at low SOD, high
WP and lowNTS.Mathematical model to find the kerf taper angle for graphite/epoxy
composites is given as:

θ = k

(
Sd
d j

)a
(
Ed2

j

uma

)b(
Pm2

a

ρwd4
j E

2

)c

(4.25)
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Fig. 4.13 Schematic showing various stages of graphite/epoxy composites delamination a initiation
of facture b wedging of water c abrasive embedment [76]

Later, Shanmugam et al. [76] also examined the delamination behavior of the
graphite composites during machining with AWJM process. Initially the cracks were
generated on the workpiece surface due to the impact of the jet (Fig. 4.13a), later
the crack propagates further due to the water wedge action (Fig. 4.13b) followed by
the abrasive particle embedment into the cracks (Fig. 4.13c). Authors developed an
analytical model for maximum crack length, C which is given as:

C = kd j

(
d j

Vt

)a( E ∗ d j

ms

)a( P

ρw

)b
(

m2
s

E ∗2 d4
j

)b

(4.26)

where, K, a, b are constants, E* is equivalent young modulus and ms mass flow rate
of the jet.

The ease with which a material can be machined under a given input parameters
is indicated by its machining index. Authors [77] tried to find out the machinability
index of different composites experimentally. Later, same can be used to calculate
traverse speed during the AWJM that will give the required quality of machined
surface, Machinability model is given as:

V =
(

fa × Nm × p1.594 × d1.374
j × m0.343

a

C × q × H × d0.618
f

)1.15

(4.27)
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where, f a is abrasive factor, Nm is machinability number, p is WP, C is constant, q is
cutting quality and df is focusing tube diameter. Zohourkari and Zohoor [78] devel-
oped a cutting model to predict the final diameter of workpiece produced by turning
using AWJM process. Authors found out a good agreement between the results pre-
dicted by model and the experimentally obtained results. For the kth revolution the
reduction in radius, rk is given as:

rk = Qk

πDkd j
(4.28)

where, Qk is volume of material removed for kth revolution, Dk is starting diameter
of workpiece for kth revolution and dj is jet diameter. Retardation of abrasive jet
is one of the major disadvantages of the AWJM process that causes declination in
the kerf side walls especially at the entry and exit of the workpiece. Authors [79]
developed theoretical model to predict the declination angle (θ s) i.e.

θs = θlim

(
vp

vp lim

)1.5

(4.29)

By using above Eq. 4.29, traverse speed (vp) for various declination angle can be
calculated. Also, shift of the kerf side wall towards the jet axis (�σ) is given as:

�σ =
√√√√R2

1 +
{
2

5
Wtg

[

θlim

(
vp

vlim

)1.5
]}2

− R1 + Ps (4.30)

where, R1 is radius of curvature on the entry side surface of the cut, t is time, Ps is
cut taper, θ lim, vlim is the limiting declination angle and limiting traverse velocity for
cutting a material with thickness, Jerman et al. [80] also tried to model the striation
formation phenomenon on the workpiece surface during the AWJMprocess. Authors
used cellular automata (CA) model to study the influence of material property, abra-
sive jet intensity and its flow direction. Kumar and Shukla [81] did the finite element
analysis formodeling the behavior of the stainless steel workpiece in terms of erosion
rate, crater profileand depth of cut during the AWJM process as a function of number
of impacting abrasive particles and their angle of impact. Figure 4.14 shows the top
view of the crater profile at various traverse speed (V ) and angle of impact (α).

Klocke et al. [82] carried out simulation of abrasive jet milling process. During
the material removal process abrasive particle impacts the workpiece multiple times.
Therefore, during the primary contact of the abrasive particle with the workpiece
material removal (Vm) can be given as:

Vm = 0.5mv2 cos2 α sin nα

ϕ
+ 0.5m(v sin α − K )2

ε
α < α0 (4.31)
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Fig. 4.14 Simulated profiles of the crater at various traverse speed and impact angle of jet [81]

Vm = 0.5mv2 cos2 α

ϕ
+ 0.5m(v sin α − K )2

ε
α > α0 (4.32)

While, material removal model during the secondary contact of the abrasive
particle with the workpiece is:

Vm = 0.5m(v cosα + ωr)2 sin nα

ϕ
+ 0.5m(v sin α − K )2

ε
α < α0 (4.33)

Vm = 0.5m(v cosα + ωr)2

ϕ
+ 0.5m(v sin α − K )2

ε
α > α0 (4.34)

where, n is constant, α is the impact angle, α0 is the critical impact angle, K is
threshold velocity for material removal, v is velocity, ω is rotational velocity, ϕ, ε is
erosion constant for cutting wear and deformation wear respectively. Authors [83]
also developed mathematical model for simulating the water jet footprints during the
milling process by AWJM process. Developed model predicts the depth of cut as a
function of impact angle (θ ), jet exposure time, traverse speed and jet trajectory of
different orientation angle (β). Figure 4.15 shows predicted surface roughness and
depth of cut on workpiece surface during forward and backward milling by abrasive
jet.
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Fig. 4.15 Schematic showing surface roughness and depth of cut produced for upward and
downward milling [83]

4.5 Summary

AWJM is well suited for cutting brittle materials such as ceramics, composites with
minimum alteration in workpiece properties and distortion. Several techniques such
as cutting with multi pass, locally heating the workpiece, forward angling the jet and
providing small oscillation of the nozzle were proposed by the researchers to enhance
the performance of the AWJM. Also, for the development of AWJM process authors
proposed building an AWJM database that will map the relationship between various
input parameters with the output responses. This will help to predict the nature of
the machined geometric surface and simultaneously optimize the process. Some of
the limitations of AWJM are jet lag, taper and cone effect during the machining of
the workpiece. During the machining of the workpiece, a large number of AWJM
input parameters affects the quality of the machined surface. Abrasive jet steadiness
i.e. pressure, abrasive flow rate and traverse rate primarily affects the waviness,
delamination; abrasive particle size significantly influences surface roughness, micro
cracking, burr formation; while the machinability of the workpiece determines the
kerf taper and wall straightness. Therefore, a proper selection of these parameters is
necessary for obtaining amachined surface free from any defect. Modern technology
and automation can change the abrasive jet from a viable to an overwhelmingly
advantageous tool that can be used in wide variety of industrial applications. A smart
system can be designed that predicts the set of input parameters for a particular
material with the required surface quality and MRR. Figure 4.16 shows the AWJM
that is at par with modern technology.
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Fig. 4.16 Block diagram showing the automated abrasive water jet machining setup [84]

Some of the research areas that can be further explored include but not limited to
the following points:

(i) Change in the orifice and nozzle diameter influences the cutting quality. Hence
there is a need to explorematerial with exceptional fracture toughness andwear
resistance properties for such equipment.

(ii) Elimination of the kerf taper and the striations generated on the machined
surface.

(iii) More realistic numerical models need to be developed which should take
into account the phenomenon such as interference, fragmentation and mul-
tiple impact of the abrasive particles during the AWJM process. A numerical
model that can predict the combination of input parameters for a desired cutting
quality and geometry on the given material.

(iv) Developing a multi-objective optimization of AWJM process with objective
functions such as minimum power consumption, dimensional accuracy and
minimum surface roughness etc.
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Chapter 5
Advances in Abrasive Assisted EDM
and Micro-EDM

Asif Rashid and Muhammad P. Jahan

Abstract This chapter discusses the research trends and developments in the field of
abrasive assistedEDMandmicro-EDM.The parameters that control the performance
of the abrasives in the hybrid system of abrasive mixed EDM has been explored. The
actual improvement of EDM process has been studied by means of looking into the
performance parameters. This chapter also focuses on materials that have been the
most challenging to machine through EDM, and how the abrasive-mixed process has
changed the scenario. This chapter will provide a comprehensive overview of this
highly-efficient and productive manufacturing technique from the mechanism and
application perspective.

Keywords EDM ·Micro-EDM · PMEDM · APMEDM · Hybrid machining ·
Abrasive · Powder

5.1 Introduction

Electrical Discharge Machining (EDM) is a non-conventional machining process
where voltage difference is applied between tool and workpiece, and material is
removed by means of precisely controlled electrical sparks that pass through a chan-
nel of dielectric. Any electrically conductive material can be machined by this non-
conventional process irrespective of its hardness. So EDM is quite a comprehensive
process in terms of the materials that it can cover. But EDM process has its own
drawbacks. The material removal rate of this non-conventional manufacturing pro-
cess is low. Depending on the machining conditions, the surface finish may become
inferior and can also lead to high tool wear ratio. EDM process also has limitations
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about the conductivity of the workpiece that it can machine. Any material with a
higher resistivity than a preset threshold cannot be machined in this process.

In order to solve the problems associated with the EDM process, compound,
assisted, and hybrid machining processes have been approached in recent years.
Sometime, all these processes are broadly categorized as a single type of machining
process named hybrid machining. Hybrid machining is the process of combining
two machining processes in the same machining zone concurrently to get a better
performance than the output that could have been achieved by deploying the involved
processes one after another, concurrently, or with assistance. Combining abrasives in
the EDMmachining system creates a hybrid effect that leads to the betterment of the
overall process.Many limitations of the EDMprocess can be removed in thismanner.
Adding powder or abrasives into the EDM dielectric changes the dielectric system
properties and leads to altered performance and better productivity. This process is
also known as powder-mixed electro-discharge machining (PMEDM). The inherent
drawbacks of the EDM process can be eliminated by using the PMEDM process
in a calculated way. So this hybrid manufacturing process leads to better material
removal rate, lesser tool wear, and greater surface integrity. Adding powder to the
system can also broaden the scope of EDM process as many non-conductive and
low-conductive materials can be allowed to be machined in this system. This chapter
provides a comprehensive overview of the abrasive powder-mixed EDM process and
its application in the improvement of machining performance and in the machining
of difficult-to-machine materials.

5.2 Electrical Discharge Machining (EDM)

Electrical discharge machining (EDM) is an effective non-conventional manufactur-
ing approach that can be used to machine hard materials. This process can be applied
on any workpiece that is electrically conductive. Materials used in high-performance
applications that are deployed in semiconductor, aerospace, automotive, and power
generation industry can be shaped using this process. Complex three-dimensional
geometries can be generated in thismanufacturing process. The recent trend ofminia-
turization of components and demand for high-tolerance parts has led to the growth of
this EDM method. Advanced engineering materials can be machined with precision
at micro-level in this process.

In EDM process, a voltage difference is applied between the workpiece and a
tool electrode. The workpiece and the electrode are both submerged in dielectric
oil. When the voltage is over a threshold value and the electrode comes close to
the workpiece, the dielectric breaks down. This breakdown of dielectric provides
a smooth channel for the electrical energy to pass through. As a result, material is
removed from the workpiece in the form of crater [1]. The dielectric also serves as
the flushing agent and helps remove the debris from the gap between the workpiece
and electrode. There is no physical contact between the workpiece and the electrode.
This non-contact approachmakes this process universal to all electrically-conductive
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Fig. 5.1 Physical mechanism of EDM process [2]

Fig. 5.2 Interaction of tool
and electrode in EDM
process [3]

materials. Figure 5.1 shows the physical mechanism of the EDM process indicating
each steps during the material removal process. Figure 5.2 indicates the interaction
between the tool electrode and the workpiece at the spark gap during the EDM
process.

5.3 Abrasive Assisted Electrical Discharge Machining

For electrical discharge machining (EDM) process, there are a few variables that
determine the state of the machining system. These process parameters can be elec-
trical or non-electrical quantities. Electrical process parameters, like voltage, current,
capacitance determine the energy input to the system. Non-electrical parameters, like
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flushing and electrode rotation also control the machining environment of the sys-
tem. There are quantifiable parameters that be measured to determine the machining
performance. These process parameters include material removal rate (MRR), tool
wear ratio (TWR), and surface roughness (SR).

The process parameters involved in the EDMprocess determines the performance
parameters of a particular system. There are some intrinsic drawbacks that come
with EDM process. The material removal rate is not that high. The roughness of the
machined surface is not smooth. Tool wear is another issue. But the EDM process
can be modified in a way that those drawbacks can be encountered by making the
process more effective and productive.

One possible way to make EDM process more effective is by introducing fine
particles to the dielectric during machining. This creates a hybrid machining phe-
nomenon. This process can lead to better material removal rate and decreases surface
roughness and tool wear. So the process can becomemore sustainable and productive
at the same time. Addition of external fine particles can alter the process parameters
in a positive way that it produces a better machining outcome. This modified EDM
process that is carried out by adding fine particles to the dielectric is known as abra-
sive powder mixed electrical discharge machining (APMEDM) or powder mixed
electrical discharge machining (PMEDM).

5.4 Effects of Abrasives in EDM Process

Adding abrasive particles to the dielectric during electrical discharge machining pro-
cess changes the dynamics of the dielectric system.Various electrical andmechanical
properties of the dielectric system are altered in this process. The process parameters
involved with the machining becomes modified. Figure 5.3 shows the list of process
parameters involved in EDM process. Changes to process parameters also modify
the performance parameters. The changes in the result of machining in this process
can vary from little to drastic effects.

5.4.1 Influence on the Machining System and Parameters

Adding a powder to the dielectric can alter various machining properties. The intrin-
sic properties of the powder materials are transferred onto the dielectric itself.
Adding a conductive powder increases the conductivity of the dielectric. As a
result, an increase in the number of sparks can be observed. This phenomenon
can lead to a bridging effect, which contributes to the mechanism of dielectric
breakdown in the machining system. Addition of abrasives creates a smooth path
for the discharge to reach the machined surface. The resulting plasma channel
can allow more energy to pass through. These changes to the system can increase
the spark gap because of the increment of spark energy. So the flushing becomes
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Fig. 5.3 Parameters involved in electrical discharge machining process [4]

better and better surface roughness can be obtained. Better machining efficiency and
higher productivity are observed.

5.4.2 Influence on the Material Removal Rate

As discussed in the previous section, the addition of powder to the dielectric modifies
the spark gap and flushing capabilities of the system. The plasma channel can get
concentrated and more energy can be transferred in an organized manner. These
changes to the system can also have an effect on the material removal rate (MRR)
of the system as well. Increment of peak current results in greater material removal
rate in powder mixed electrical discharge machining process. Aluminum powder
improves the MRR of Inconel alloy for the increased amount of energy transfer
through the plasma channel [5]. The size of the discharge channels can also get
reduced as a result [6]. Addition of powder can lead to the reduction of breakdown
voltage and the increment of discharge frequency. Such a mechanism is generated by
adding graphite while machining steel alloys. This process can improve the material
removal rate by 60% [7]. Titanium and almost all other conductive powders also
work in the same mechanism [8]. Combining aluminum and graphite together can
lead to even better results in terms of material removal rate [9]. The concentration
of added powder has an influence on the enhancement of material removal rate. In



102 A. Rashid and M. P. Jahan

some cases, optimization needs to be carried out to determine the best concentration
of abrasive powder particles for increased material removal rate.

5.4.3 Influence on Surface Finish

Significant alterations can be achieved in terms of surface finish for abrasive mixed
electrical discharge machining process. It is discussed before that addition of powder
to the dielectric creates a bridging effect and allows better passage of energy through
the plasma channel. This bridging effect also reduces the size of craters on the
machined surface. Microcracks on the machined surface can also be reduced in
this process [10, p. 825]. Mirror finish on alloy steel can be found by using some
particular powders in the dielectric. Using the right density of aluminum powder can
generate a mirror-like surface finish on steel surface [11]. This can also be achieved
by using silicon powder. The concentration of powder plays a key role in getting this
mirror-like finish [12]. In some cases, improvement of material removal rate may
come at the cost of reduced surface quality. Titanium carbide addition, which is an
well-known abrasive, improvesmaterial removal rate for alloy steel, but increases the
surface roughness in the process [13]. Improved surface roughness leads to increased
biocompatibility for different alloys, like titanium alloys [14]. By adding graphene,
materials of lower conductivity can be machined with very few surface defects [15].
Inconel alloys can be machined in this process. Carbon nanotube is another powder
material that performs very well in terms of surface finish for hard materials [13].

5.4.4 Influence on Tool Wear

The tool wear is another important factor that can be affected or modified in the abra-
sive or conductive powder mixed electrical discharge machining process. Improve-
ment of material removal rate or surface roughness does not guarantee the reduction
of tool wear. Graphene and carbon nanotube (CNT) performs very well in terms of
material removal, such may not be the case for tool wear. Aluminum powder per-
forms very well in terms of reducing the tool wear ratio during the machining of steel
alloys [12]. Graphite powder is also effective in reducing the tool wear by generating
a small discharge channel [6]. Boron carbide powder can also reduce the tool wear
ratio [16]. Sometimes, the increment of material removal rate has an adverse effect
on tool wear. So proper optimization needs to be carried out for reducing the tool
wear ratio, while improving the surface finish and/or material removal rate.
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5.4.5 Influence on Machining Accuracy

Machining accuracy can be affected in the abrasive mixed electrical discharge
machining process. Focus on the increment of material removal rate and decrement
of surface roughness and tool wear can have an adverse effect on the accuracy of
machining. Boron carbide powder is known to increase the material removal rate
and decrease the tool wear during machining titanium alloys. But the addition of this
powder reduces themachining accuracy. Themachinedmicro-holes can becomenon-
uniform and form taper [17]. Aluminum powder is known to increase the machining
accuracy [13].

5.5 Abrasive Parameters for Abrasive-Assisted EDM
Process

Various parameters affect the outcome of the abrasive powder mixed electrical dis-
charge machining (APMEDM) process. Suitable powder material has to be selected
for a particular machining system. The concentration of the powder has to be opti-
mized in a way that material removal rate and surface roughness can have acceptable
values. Particle size plays an important role in the machining outcome as well. The
electrodematerial is also vital for this PMEDMprocess. The tool polarity andflushing
conditions can have a say on the performance parameters as well.

5.5.1 Abrasive Material

The selection of abrasive material in powder mixed electrical discharge machining
process is the most important factor in successfully implementing this procedure.
Past researches have been carried out in finding out the suitable abrasive material for
machining hard materials in EDM process. The output of machining depends on the
selection of the right abrasive or powder material.

Aluminum powder has been used in machining hard Inconel alloys. The material
removal rate and surface finish both improve as a result [5]. Addition of aluminum
powder reduces the tool wear ratio while machining steel alloys. Although other
powders can perform better on steel when it comes to material removal rate and
surface roughness, aluminumpowderwas found to bemore effective [13]. Aluminum
powder is also effective in machining some metal matrix composites.

Graphite powder is effective in terms of increasing the material removal rate
for alloy steels [7]. Graphite is also useful for tungsten carbide-cobalt superalloys
[18]. Titanium powder is a good alternative to aluminum or graphite for machining
alloy steel compounds [13]. Titanium powder can improve the biocompatibility of
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titanium alloys [14]. Boron carbide powder can improve the material removal rate
and decrease tool wear during the machining of titanium alloys [16].

Silicon powder, a known abrasive, is found to improve the material removal rate
duringEDMof alloys [19]. Surface finish can be improved significantly by adding sil-
icon carbide into the dielectric. Nearmirror finish and glossy surface can be generated
by this process [12].

Addition of chromium powder to the dielectric reduces the size of the recast
layer [12]. Highly conductive graphene or carbon nanotubes can also be used as
powder materials in the dielectric. Addition of graphene results in a lower amount
of thermal cracks on the machined surface. The hard materials, like Inconel 825 can
be machined with ease [20]. Carbon nanotubes can perform better than aluminum
or graphite in terms of both material removal rate and surface roughness [13]. Metal
matrix composites can be successfully machined using carbon nanotubes as powder
in the dielectric.

5.5.2 Abrasive Particle Size

Abrasive particle size plays an important role in determining the outcome of pow-
der mixed electrical discharge machining process. The particle size can indirectly
determine the spark gap associated with machining and control the flushing quality.
Aluminum powder allows more spark gap than graphite, silicon or molybdenum
disulfide. Removal of debris is easier for higher spark gap. Easier breakdown of
powder mixed dielectric contributes to the increment of the spark gap. Molybdenum
disulfide (MoS2) particles are the smallest compared to aluminum or silicon carbide.
MoS2 powder allows mirror-like surface finish on steel alloys. Achieving the mirror
like finish also comes at a cost of reduced machining efficiency [12].

Smaller particle size attributes to greater surface finish in powder mixed EDM
process. But the smallest particles also generate the thickest of recast layers. Improve-
ment of surface finish is not dependent on the concentration of powder materials, but
only on the powder size itself. Smallest particles perform better as they produce fine
cutting effects. The recast layer size decreases with the increment of particle size.
This happens due to the fact that electrical power density reduces with increasing
spark size [21, p. 11].

The spark gap increases with an increment in particle size. This happens because
large particles enhance the connection between electrode and workpiece by occupy-
ing more space. Increase in powder size can result in the reduction of improvement
of material removal rate. The machining efficiency can also become lower for higher
particle size. The tool wear ratio does not follow any particular trend in terms of
particle size [22].
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5.5.3 Abrasive Particle Concentration

Concentration of abrasive particle has to be optimized in a way that the material
removal rate and surface roughness has an acceptable value. High powder concen-
tration can lead to unstablemachining. The spark gap is determined by the concentra-
tion. Increment of powder concentration increases the spark gap [12]. An optimized
amount of powder concentration exists for the best possible surface finish. This hap-
pens because only a limited number of particle contributes to the melted machined
zone in an effective manner. Powder concentration also controls the thickness of
the recast layer [21]. Because of the presence of an optimal spark gap that deter-
mines the maximum material removal rate, an optimum powder concentration also
exists for maximum productivity. Powder concentration has very less effect on tool
wear ratio [22]. Excessive powder concentration leads to short-circuit in the system,
which results in a higher number and depth of craters developed on the machined
surface [23].

5.6 Various Materials Used in Powder or Abrasive-Assisted
EDM

5.6.1 Aluminum

Aluminum and its compounds are very often used in powder mixed electrical dis-
charge machining (PMEDM) process. Inconel is a very hard alloy that is used in
combustion chambers and thrust chambers of rocket engines. This material is diffi-
cult to machine due to its fast work hardening properties. So EDM is a viable option
in this case as there is no contact between tool and workpiece. Adding aluminum
powder in dielectric can increase the efficiency of the EDM process during EDM of
Inconel alloy. Addition of abrasive aluminum oxide powder can enhance the process.
In this case, the material removal rate improves with increased peak current. This is
observed because the powder in the dielectric creates a bridging effect duringmachin-
ing. The number of sparks increase as aluminum powder is added to the dielectric.
The bridging effect also helps reduce the size of holes and craters on the machined
surface, and subsequently improving the surface finish [5]. The amount of microc-
racks on the surface also reduces in this process [10]. Figure 5.4 demonstrates the
improvement of machined surface by using this aluminum powder mixed approach.
So aluminum powder improves both MRR and SR while machining Inconel.

Steel is another alloy which can be machined by powder mixed EDM process.
Aluminum powder is often used in machining EN19 alloy. Aluminummay not be the
best choice as powder while machining steel alloys in terms of material removal rate
or surface roughness, but it is the most effective in terms of tool wear ratio (TWR)
and radial overcut (ROC). Aluminum powder performs better than carbon nanotubes
and graphene when it comes to improving the tool life and increasing the machining
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Fig. 5.4 Improvement of surface roughness of EDMed surface by aluminum powder mixed EDM
process (right) over conventional EDM process (left) for machining Inconel 825 [10]

Fig. 5.5 Tool wear ration
for various powder in
dielectric while machining
EN19 by EDM process [13]

accuracy [13]. Figure 5.5 compares the performance of various powder materials for
machining EN19 alloy in PMEDM process and shows that aluminum generates the
least amount of TWR. Aluminum powder can also create a mirror-like surface finish
for SKH-51 alloy [12]. But aluminum powders have a tendency to agglomerate in the
dielectric. A surfactant can be deployed to separate the powdermaterials and creating
a homogeneous mixture. So the density of aluminum powder and the density of the
surfactant are both very important parameters for obtaining a mirror-like finish in
steel alloys [11]. Figure 5.6 demonstrates the importance of a surfactant for attaining
mirror-like surface finish by reduction of recast layer in aluminum powder mixed
EDM process.

Aluminum powder is also used in the PMEDM process of some metal matrix
composites. Silicon carbide reinforced aluminum matrix composites is a material
that is used extensively for its extreme properties. The machining of this material
can be enhanced by adding aluminum powder to the dielectric in EDM process. The
surface roughness decreases in this method. The hardness is increased. The wear
resistance is almost doubled [24]. Figure 5.7 depicts a comparison of surface finish
for conventional and aluminum powder mixed EDM of silicon carbide reinforced



5 Advances in Abrasive Assisted EDM and Micro-EDM 107

Fig. 5.6 Recast layer
thickness for various
configuration of aluminum
powder mixed EDM [11]

aluminum matrix composite (SiCp-Al). It can be seen that aluminum powder mixed
EDM generates smoother machined surface with fewer defects.

5.6.2 Graphite

Graphite can be a useful powder to use in theEDMprocess of hardmaterials.Graphite
is mostly used in the PMEDM of steel and its various alloys. Adding fine graphite
powder to kerosene dielectric for EDM of mild steel, the material removal rate can
be increased by 60%. Adding graphite powder reduces the breakdown voltage and
results in higher discharge frequency, which subsequently increases the MRR [7].
Adding graphite powder to kerosene dielectric while machining EN19 alloy steel
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Fig. 5.7 Micro-surface
texture for SiCp-Al
composite after
a conventional EDM,
b aluminum powder mixed
EDM [24]

can bring about positive influences. Increment of graphite powder concentration
increases the material removal rate. The material removal rate also increases with
the increment of peak current and gap voltage in this case [25]. Addition of graphite
can alter the surface roughness and microstructure of the machined surface of EN19
alloy steel. Increasing peak current and gap voltage can increase the hardness of the
machined surface [26]. Graphite and aluminum can be used together in the same
system while machining steel alloys. Combining graphite and aluminum produces
a better result than using the individual powders in terms of material removal rate.
But the increased material removal rate comes at the cost of higher tool wear ratio
[9]. Figure 5.8 shows the combined effect of using graphite and aluminum as powder
while machining EN19 steel alloy by EDM process. Aluminum and graphite used
together seem to generate better material removal rate.

Graphite powder has also been used in machining very hard materials, like tung-
sten carbide-cobalt (WC-Co) superalloy. Increasing the concentration of graphite
powder during the machining of WC-Co alloy increases the material removal rate
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Fig. 5.8 Effect of using various configuration of aluminum and graphite powder while machining
EN19 alloy steel by powder mixed EDM process [9]

and decreases the electrode wear ratio. But there exists an optimum point for max-
imum material removal rate and minimum electrode wear ratio. Such an optimized
point also exists for surface roughness as well. For concentration of less than or
greater than the optimized value, the material removal is not superior and the surface
roughness increases. The optimized concentration is not the same for both mate-
rial removal rate and surface roughness [18]. Figure 5.9 demonstrates this fact. So
machining has to be carried out in a way that it only prioritizes material removal
rate or surface roughness. Adding graphite powder in machining Cu 605 superalloy

Fig. 5.9 Effect of graphite powder concentration on a material removal rate and b average surface
roughness while machining WC-Co in EDM process [18]
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improves the micro-hardness and surface finish of the alloy. The surface generated
in this process is also smoother. To maintain this enhanced surface finish, the peak
current is prevented from reaching a high value [27]. Mixture of graphite in dielectric
fluid also leads to reduced tool wear. Graphite powder accomplishes this by an energy
dissipation mechanism which is generated as a result of small discharge channels
[6].

5.6.3 Titanium and Titanium Compounds

Titanium carbide can be used as a powderwhilemachining alloy steel.Whilemachin-
ing EN19 alloy steel, the addition of titanium carbide powder improves the material
removal rate with the increment of peak current and gap voltage. But the tool wear
ratio and surface roughness also increase in the process [13]. Titanium carbide can
be a good alternative to aluminum and graphite powder in the machining process of
EN19 alloys steel as seen in Fig. 5.10.

Titanium compounds as powder in the dielectric have been used for surface
modification process. The quality of the machined surface of AISI D2 steel can
be enhanced by adding titanium nanopowder. EDM process usually results in higher
surface roughness if the material removal rate is enhanced. The increment of spark
energy is responsible for this phenomenon. Addition of titanium nanopowder in
hydrocarbon oil dielectric while machining AISI D2 steel can enhance the MRR and
decrease the surface roughness at the same time. Other surface micro-defects, like
voids, cracks and droplets also diminish [8]. Figure 5.11 reveal the improvement
of MRR and decrement of average surface roughness with Ti nano powder mixed

Fig. 5.10 Machining
responses for different
powder materials for
machining of EN19 alloy
steel in electrical discharge
machining process [13]
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Fig. 5.11 Improvement of a material removal rate (MRR), and b average surface roughness (Ra)
for machining D2 steel in EDM process by adding Ti nanopowder [pulse duration 210 µs, pulse
interval 140 µs] [8]

dielectric compared to those of pure dielectric. Accumulation of titanium atoms on
crack surface leads to this incredible improvement.

Titanium alloys are used in the implant industry. EDM is a viable option for
machining titanium alloys. But this process leads to an increased amount of recast
layer andmicrocracks. Adding titanium powder to deionizedwater dielectric reduces
the formation of surface microcracks on titanium workpiece surface. An optimum
powder concentration exists for which the best results are found [14]. Figure 5.12
shows the effect of different powder concentration indicating that the thickness of
the recast layer increased with higher powder concentration.

Fig. 5.12 Cross-sectional SEM micrographs of titanium surface after machining with EDM by
titanium powder mixed dielectric for a 3 g/l, b 6 g/l [14]
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Fig. 5.13 Surface texture from EDM of steel a without silicon powder, b with silicon powder [30]

5.6.4 Silicon and Silicon Compounds

Silicon powder can be used to increase the machining efficiency in electrical dis-
charge machining process. Researchers have primarily used silicon powder during
the machining of various steel alloys. In this abrasive powder mixed electrodischarge
machining (PMEDM) process, peak current, pulse-on time, concentration of silicon
powder determines the outcome [28]. Peak current and concentration of silicon pow-
der is the most influential factor in the outcome of the process [29]. Addition of
silicon powder improves the material removal rate of EDM process [19]. Presence
of silicon powder significantly reduces the surface roughness of machined steel sur-
face. Figure 5.13 shows the effect on surface finish for addition of silicon powder
in dielectric of EDM process. Presence of silicon powder also reduces the amount
of undesirable discharge [30]. Mirror-like surface finish can be achieved in this pro-
cess. Presence of silicon powder in the dielectric allows the discharges in the spark
gap to create a glossy mirror-like surface. The amount of craters is also reduced
[12]. Concentration of silicon powder plays a vital role in the surface roughness
and achieving a mirror-like finish. The powder concentration has to be optimized to
achieve the best-possible surface finish. Figure 5.14 depicts the fact that there exists
a right amount of powder concentration, above or below which the surface rough-
ness is not optimized. It is found that with the increase of powder concentration, the
surface finish improves first, then again deteriorates at very high concentration of
powder.

5.6.5 Chromium

Chromium powder is another element that can be used to improve the machining
efficiency of electrical discharge machining process. Addition of chromium powder
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Fig. 5.14 Surface topography of machined surface by silicon powder mixed EDM a 0 g/l, b 1 g/l,
c 2 g/l, d 20 g/l [23]

induces a large spark gap. Chromium powder allows more spark gap than silicon car-
bide or copper powders. Addition of chromium powder can significantly improve the
material removal rate of the process. In terms of productivity and MRR, chromium
powder performs better than aluminum or silicon carbide powders [22]. Chromium
powder addition can also reduce the thickness of recast layer [21]. Proper optimiza-
tion needs to be carried out to get the optimum combination of material removal rate
and tool wear ratio [31].

Addition of chromium powder generates a layer of chromium on top of the
machined surface. This phenomenon reduces the surface roughness. Deposition of
chromium powder increases with the concentration of chromium in the dielectric
and decreases with the increment of peak current. The thickness of this chromium
layer increases with the increment of chromium powder concentration and discharge
current. Addition of chromium powder not only improve the material removal rate
and surface finish, but also enhances micro-hardness and corrosion resistance of the
machined surface.Water repellency also increaseswith addition of chromiumpowder
to the machined surface [32]. Current and pulse-on time are significant parameters
in the process [33]. Figure 5.15 compares the Vickers hardness of machined surface
for various dielectric configurations.
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Fig. 5.15 Vickers hardness
for various dielectric
configurations [32]

5.6.6 Graphene

Graphene and graphene oxide (GO) has been used as suspended powder for dielec-
tric during electrical discharge machining. Titanium and its alloys are one of the
most difficult materials to machine, even by EDM process. This is because of their
low thermal conductivity and high chemical reactivity. So machining high-quality
holes in titanium alloys is a challenge. Suspending graphene oxide in the dielec-
tric improves the machinability of titanium alloys. The machined surface generated
in this process contains less amount of thermal cracks than the surface produced
by conventional process. So this powder suspended process results in reduced sur-
face roughness than conventional process [15]. Figure 5.16 compares the machined
surface in conventional and GO suspended EDM process. Figure 5.16 shows the
reduction of cracks in machined surface by this process. Addition of GO particles
also improves the machining process of Inconel 825 alloy [20].

Electrical discharge machining is an effective process for machining any work-
piece irrespective of its hardness as long as it is electrically conductive. Non-
conductivematerials are usually notmachinable in this process.Graphene has opened
up possibilities for important non-conductivematerials that can bemachined byEDM
process. Ceramic materials have applications in semiconductor, biomedical, trans-
portation, and aerospace industries. These materials are also brittle and hard. So
conventional machining process cannot be applied to ceramic materials. Addition
of graphene to the dielectric can increase the electrical conductivity of the system
and raise the value upwards of the threshold conductivity that exists for EDM pro-
cess. So addition of graphene powder to the dielectric can allow engineering ceramic
materials to be machined by electrical discharge machining process.
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Fig. 5.16 SEM images of machined surface of i conventional EDM, and ii with graphene oxide
suspended dielectric in EDM a 150x magnification, b 500x magnification [15]

5.6.7 Carbon Nanotube

Using carbon nanotube (CNT) as a powder in the dielectric has become a recent trend
in the abrasive assisted EDM. Researchers have used CNT during machining EN19
alloy steel. Addition of CNT to the dielectric results in the increment of material
removal rate and the decrement of surface roughness. CNT performs better than alu-
minum, graphite or titanium as powder while machining EN19 alloy steel in terms
of both material removal rate and surface roughness [13]. In terms of tool wear ratio
and tool life, CNT does not perform as well as aluminum powder. Peak current is
the key factor that determines the output of material removal rate [34]. Figure 5.17a
depicts the fact that CNT results in better material removal rate compared to alu-
minum, graphite, and titanium powder. Figure 5.17b shows that addition of CNT
allows better surface finish compared to aluminum, graphite, and titanium powder.

Multi-walled carbon nanotube (MWCNT) has also been deployed during the
machining of hard titanium alloy, like Ti-6Al-4V. Adding MWCNT results in the
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Fig. 5.17 Performance of CNT on a MRR and b surface roughness during electrical discharge
machining of EN19 alloy steel [13]

improvement of machining stability. This happens due to the fact that the number of
unnecessary sparks decreases in this system. The value of material removal rate is
dependent on the pulse duration. For lower pulse duration case, the value of MRR
is comparatively lower than conventional EDM process. But for increased pulse
duration, addition of MWCNT results in better material removal rate. Figure 5.18a
describes this relation of MRR with pulse duration for both conventional EDM and
MWCNT-mixed EDM. The value of tool wear ratio (TWR) decreases after the addi-
tion ofMWCNT in the dielectric. The difference ofTWRbetween conventional EDM
andMWCNT-mixed EDM is prominent for lower pulse duration cases. Figure 5.18b
depicts this phenomenon. Adding MWCNT powder also decreases the length and
size of surface microcracks on the machined surface [35], as seen in Fig. 5.19.

Fig. 5.18 Change of aMRR, and bTWRwith pulse duration for conventional andMWCNT-mixed
EDM of Ti-6Al-4V [35]
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Fig. 5.19 Microcracks on
the machined surface of
Ti-6Al-4V alloy for
a conventional EDM,
bMWCNT-mixed EDM [35]

Researchers have incorporatedMWCNT in the machining system of metal matrix
composites (MMC). Addition of MWCNT has positive effects during the machining
of Al-SiCp MMC. Adding MWCNT increases the material removal rate. The incre-
ment ofMWCNTpowder density in the dielectric also increases thematerial removal
rate. Figure 5.20a shows the relation of material removal rate with MWCNT con-
centration in the dielectric. Addition of MWCNT to the system can also decrease the
surface roughness [36]. The powder concentration has to be optimized to attain mini-
mum surface roughness. Figure 5.20b depicts the relation between surface roughness
and MWCNT concentration in the dielectric.
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Fig. 5.20 Relation of a MRR, and b surface roughness with CNT concentration in dielectric for
machining Al-SiCp alloy [36]

5.6.8 Molybdenum Disulfide

Molybdenum disulfide (MoS2) is another material that can be used as a powder in
powder mixed electrical discharge machining process. MoS2 powder can lead to
mirror-like finishing for steel alloys. Addition of MoS2 powder reduces machining
time and results in uniform dispersion of electrical sparks. So themachining becomes
stable and efficient. This process can be applied on various tool steels, like SKH-
54. Although the final machined surface is very smooth, it contains overlapping and
well-formed small craters. The craters formed in this process are shallower and allow
a reflective surface [12]. Figure 5.21a shows the machined surface of SKH-54 tool
steel in conventional EDM process. Figure 5.21b shows the surface of machined
SKH-54 steel with the help of MoS2 powder mixed EDM process. The improvement
in surface finish in MoS2 powder mixed EDM is observed in Fig. 5.21b.

Researchers have also usedMoS2 powder in vibration-assisted electrical discharge
machining process. Suspending micro MoS2 powder in micro-EDM process seems

Fig. 5.21 Machined surface of SKH-54 by a conventional EDM, and bMoS2 powder mixed EDM
process [12]
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Fig. 5.22 Microstructure ofCu-Wsurfacemachined bymicro-EDMprocess usinga pure dielectric,
bMoS2 powder of concentration 2 g/l, c MoS2 powder of concentration 5 g/l [37]

to bring positive effects. Vibration assistance improves the material removal rate
compared to conventional EDM process. Adding MoS2 powder to the dielectric fur-
ther improves the material removal rate. The MRR also increases with the increment
of MoS2 powder density in the dielectric [37].

Other than improving the material removal rate, this modified vibration assisted
MoS2 powder mixed EDM process significantly improves the surface quality. Addi-
tion of MoS2 powder creates a smooth path for discharge current over the surface,
which gives rise to a flat surface. The surface is also free of black spots in the center
[37]. Figure 5.22 compares the machined surface generated from conventional EDM
and MoS2 powder mixed EDM.

5.6.9 Copper

Copper is known for its good electrical and thermal conductivity. Addition of high
conductivity copper powder in the dielectric improves the machinability of superal-
loys. Copper addition brings good results during the machining of Inconel 718 super
alloy. Although this process does not improve the machined surface by drastic levels,
the amount of surface irregularities seem to decrease. Mechanical properties of the
machined surface are improved due to the formation of carbide, which is generated
from disassociation of the dielectric oil. As addition of conductive copper powder
allows for greater propagation of energy, the carbide formation on machined surface
is enhanced. So the improvement of machined surface hardness is observed. Increas-
ing peak current results in increases material removal rate in this case. Increase in
pulse-on duration has quite the opposite effect, as the machining rate is reduced in
this case. Increased pulse-on time also results in better surface quality [38].
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5.6.10 Boron Carbide

Boron carbide abrasive powder can be used in abrasive-assisted EDM. Researchers
have used boron carbide powder (B4C) for machining hard titanium alloys, like Ti-
6Al-4V.Boron carbide has been suspended in kerosene or deionizedwater and used as
dielectric during the electrical discharge machining process. Adding B4C powder to
deionized powder increases the material removal rate. Figure 5.23a demonstrates the
fact that using B4C powder with deionized powder as dielectric improves material
removal rate during EDM of Ti-6Al-4V. Addition of B4C powder with kerosene
dielectric results in decreased tool wear ratio [16]. Figure 5.23b shows that mixing
B4C powder with kerosene generates lower tool wear ratio.

This increment of material removal rate and decrement of tool wear ratio comes
at a cost. Adding B4C to the dielectric reduces the machining accuracy of micro-
holes in Ti-6Al-4V. A non-uniformity arises in the machined holes in the form of
circularity and taper as a result of adding B4C to the dielectric [17]. Figure 5.24

Fig. 5.23 a Material removal rate (MRR), and b tool wear ratio (TWR) with pulse-on time for
various dielectric for Ti-6Al-4V alloy [16]

Fig. 5.24 a Circularity, and b taperness in machined micro-holes of Ti-6Al-4V alloy for different
dielectric [17]
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shows the decrement of circularity in micro-holes for B4C powder mixed dielectric
compared to pure kerosene or deionized water. Figure 5.24 shows the increment of
taperness inmicro-holes for B4C powdermixed dielectric compared to pure kerosene
or deionized water.

5.6.11 Tungsten

Tungsten powder is one of the hardest abrasive particles used in powder mixed elec-
trical discharge machining process for the purpose of surface modification. Addition
of tungsten powder canmodify the surface finish and increase surfacemicro-hardness
of the machined surface. Using a brass electrode and adding tungsten to the dielectric
improves the surface finish. Using a copper-tungsten electrode and adding tungsten
to the dielectric improves the micro-hardness of the machined surface. This phe-
nomenon is observed because of the transfer of materials from electrode and pow-
der to the machined surface during electrical discharge machining [39]. Significant
amount of material transfer occurs from powder mixed dielectric to the machined
surface. Suspended tungsten powder reacts with carbon in the dielectric andmodifies
the formation of plasma channel. These factors contribute to changing the surface
properties. Peak current is the most important factor in controlling this phenomenon.
Low discharge current and shorter pulse-on time attribute to the increment of sur-
face micro-hardness [40]. Figure 5.25a shows the surface of un-machined D2 steel.
Figure 5.25b shows the machined surface of D2 steel, machined by tungsten powder
mixed EDM process.

Fig. 5.25 SEMmicrograph of a un-machined, and bmachined D2 die steel after tungsten powder
mixed EDM [40]
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5.7 Abrasive Assisted Machining of Hard Materials

5.7.1 Inconel Alloy

Inconel is a very useful alloy because of its resistance to oxidation and corrosion.
This alloy can maintain its strength even at elevated temperatures. This alloy has
been used for high-temperature applications in high-speed planes, supersonic jets,
nuclear power plants, rockets. But these alloys are very difficult to machine because
of their properties. Abrasive powder mixed EDM can be a viable solution to machine
this material effectively.

Copper powder has been used to shape Inconel 718 super alloys. Copper powder
does not enhance the surface quality. The surface has pokemarks, cracks, andglobules
of debris. There is also a formation of white layer. Migration of carbon from the
dielectric to the machined surface has been observed. So carbide is formed on the
machined surface. Although this process does not allow phase transformation, layers
of oxides can form. The material removal rate can be enhanced in this process by
increasing the peak current. The pulse-on time has an inverse relation to material
removal rate. The machining is efficient for low pulse-on time and high peak current,
as it generates an optimized flushing condition [38].

Aluminum oxide powder can be used to enhance the machining performance of
Inconel 825 alloy. Higher peak current and higher pulse-on time result in improve-
ment of material removal rate. The increment of number of sparks leads to this phe-
nomenon. The bridging effect comes into play here. The surface roughness increases
with pulse-on time. Best surface finish is found when the spark gap is increased to
create better flushing conditions. Surface roughness also decreases with increasing
gap voltage. Peak current, pulse-on time, and gap voltage have to be optimized to
maintain minimum surface roughness. For optimized case, the size of micro-cracks
and micro-holes are smaller and the material deposition is less irregular [5].

5.7.2 Metal Matrix Composite

Multi-walled carbon nanotube (MWCNT) can be added to the dielectric to increase
the machinability of Al-SiCp metal matrix composite. Small specific gravity and
straight pain shape of CNT allows the uniform dispersion of dielectric oil. As a
result, the material removal rate is improved and the surface roughness is reduced.
Increment of concentration of CNT powder in the dielectric leads to the increment
of material removal rate of Al-SiCp MMC. Higher thermal conductivity of CNT
allows greater amount of effective current transfer to the workpiece. After a certain
concentration value, the machining becomes unstable. Powder concentration also
determines the surface quality. Surface roughness initially decreases with increas-
ing CNT concentration in the dielectric. More uniform dispersion of energy allows
decreased crater size and improved surface finish. Figure 5.26 shows the improve-
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Fig. 5.26 SEM image of machined surface of Al-SiCp metal matrix composite for a conventional
EDM, bMWCNT powder mixed EDM [36]

ment of surface roughness after addition of MWCNT to the dielectric. It can be seen
that the crater sizes become smaller in CNTmixed EDM compared to that of conven-
tional EDM. Just like thematerial removal rate, after a certain value of concentration,
the surface roughness tends to increase [36].

Aluminum powder can also be used to enhance the machining of Al-SiCp metal
matrix composite. The surface roughness can be reduced greatly. The corrosion
resistance and wear resistance can also be improved in this process. Carbon transfer
occurs from the dielectric to the machined surface. Aluminum powder allows a
larger discharge channel which leads to the easier breakdown of the dielectric. This
allowance ofmaterial transfer improves the surface hardness of Al-SiCp metal matrix
composite. This surface modification also leads to higher corrosion resistance. The
wear resistance also increases. So theAl-SiCp metal matrix composite becomesmore
suitable for application for rolling friction [24]. Figure 5.27 shows the decrease in
wear mass for PMEDEM surface indicating the wear resistance after powder mixed
EDM.

Fig. 5.27 Decrement of
wear mass for Al-SiCp metal
matrix composite machined
aluminum powder added
EDM process [24]
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5.7.3 Titanium Alloy

Titaniumalloys are difficult tomachine because of their high strength and low thermal
conductivity. Carbon nanotubes can be utilized as powder in the dielectric to improve
the thermal and electrical conductivity of the system. Thismodified system is capable
of reducing the surface roughness and distribute the spark energy. This PMEDM
process allows longer pulse-duration without reducing the material removal rate.
CNT particles reduce the breakdown voltage of dielectric. A larger dispersion of
sparks can be observed by the addition of CNT. For longer pulse-on time, tool-
wear ratio is lower for conventional EDM process than CNT powder mixed EDM
process. Higher amount of heat generation leads to greater tool wear in this PMEDM
process. The uniformity of spark generated by adding CNT particles also allows a
better surface finish [35]. Figure 5.28 shows the improvement of surface finish by
adding CNT to the dielectric. Achieved surface finish is better than conventional
EDM process. The dimensions of micro-cracks reduce in this modified process.
Addition of MWCNT increases the machining stability of Ti-6Al-4V alloy at lower
settings with low pulse-on time. Addition of boron carbide powder in the machining

Fig. 5.28 Machined surface
of Ti-6Al-4V alloy generated
by a conventional EDM,
b CNT powder mixed EDM
[35]
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of titanium alloy affects the machining accuracy [17]. Using deionized water instead
of kerosene or hydrocarbon oil as the dielectric improves the material removal rate
[16].

5.7.4 Carbides

Carbides are one of the most difficult-to-machine materials. Graphite nanopowder
can be added to the dielectric to improve the machinability of cemented tungsten
carbide (WC-Co). The addition of semi-conductive graphite powder improves the
material removal rate and reduces the electrode wear ratio and surface roughness.
The crater distribution also reaches a favorable condition. This occurs due to the
increment of spark gap and uniform distribution of discharges. The material removal
rate is improved due to the decrement of dielectric breakdown strength in powder-
mixed EDM process. Powder concentration plays an important role in determining
the outcome of this process. There exists an optimum powder concentration for
which the best machining output is generated. Figure 5.29 shows that a lesser value
of powder concentration can be more effective in terms of surface roughness while
machining tungsten carbide by abrasive powder mixed EDM process [18].

Aluminum powder can also effectively lead to more uniform dispersion of energy
in the machining process of tungsten-carbide by EDM. The material removal rate
also increases as a result. The electrode wear ratio is also reduced in this process.
An optimized powder concentration is present for which material removal rate is
maximum or electrode wear ratio is minimum. The optimized powder concentration
for MRR and EWR is not the same. So a compromise has to be reached to optimize
the overall process [41]. Adding carbon nanofiber improves the machining of silicon
carbide in terms of material removal rate and tool wear ratio [42].

Fig. 5.29 Machined surface of tungsten carbide in powder mixedmicro-EDM for a 0.2 g/l graphite
concentration, b 2 g/l graphite concentration [18]
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5.8 Summary

Abrasive assisted electrical discharge machining has opened up doors of possibili-
ties for machining various difficult-to-cut metals and alloys efficiently. Performance
parameters ofmachining canbepositively influencedby electrical, thermal, andphys-
ical properties of the abrasive powder particles in this process. Apart from increased
productivity, this process also allows for better surface finish. In some cases, surface
modification can lead to impressive surface properties as well. But questions can be
drawn about the feasibility of the process for newer applications. Measurements also
need to be carried out to make this process economically and environmentally fea-
sible. The powder-mixed process also affects the lifetime of the machine. Research
investigations have been carried out to figure out the best procedure to add abrasives
to the dielectric. Proper modifications are necessary to supply the abrasives in the
machining zone in an effectivemanner.Maintaining a constant powder concentration
throughout the system is a challenge that has limited solutions. Selection of appropri-
ate powder is of major significance to the outcome of the overall process. Filtration
process has to be modified be keeping in mind the environmental implications of this
particular process.
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Chapter 6
ELID Grinding for Final Finishing
Operation

Tanveer Saleh and Rubina Bahar

Abstract Electrolytic In-Process Grinding (ELID) is an advanced grinding process
that carries out in situ dressing of the grinding wheel using an electrochemical reac-
tion, i.e. anodic dissolution. This process is targeted to achieve the final finished
product by eliminating subsequent finishing processes such as polishing and lap-
ping. The process mainly aims for hard and brittle materials to achieve ductile mode
cutting with the best cutting parameters, and by doing so to achieve the nano-level
surface finish. The typical grinding particle size of the ELID grinding wheel varies
from 1 to 5 μm. A characteristic ELID wheel is metal bonded which is used as an
anode. There is another electrode which usually used as the cathode, and a liquid
is flown between the anode and the cathode, which functions both as grinding fluid
and electrolyte. A DC pulsed power supply is generally used as the power source
for the electrolytic in-process dressing of the grinding wheel. This chapter will shed
light on the history, fundamental and the current status of the ELID grinding related
researches.

Keywords ELID grinding · Electrolytic In-Process Dressing · Ductile mode ·
Surface roughness

6.1 Introduction

Grinding is a conventional machining method that is normally applied as a pre-
finishing process. In grinding, coarse or fine abrasive particles are used which are
harder than the workpiece material for the cutting. In this machining method, the
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surface speed of the grinding/abrasive wheel is considerably faster than that of other
subtractive processes, for example, turning, and milling operations. Rapid develop-
ment in electronic and optical devices (such as integrated chips, micro electrome-
chanical system (MEMS), advanced sensors, ultra-smooth lenses) with the growing
need of their performance, the necessity of ultra-smooth surface finish with greater
form accuracy of the specialized glass, the silicon wafer is rising. However, typical
grinding is unable to meet such requirement with the desired precision and accuracy.
Henceforth, conventional grinding is still followed by final finishing operation such
as polishing and lapping. But, these processes have their limitations, as described in
[1, 2]. As such, ELID grinding with super abrasive wheel has shown enough credibil-
ity to eliminate lapping and polishing as the final finishing operation by achieving a
nanometric surface finish with desirable form accuracy on hard and brittle materials.

6.1.1 Brief History

Back in 1985, Murata et al. [3] ELID for the first time to machine hard and brittle
material like ceramics. Ceramics aremore challenging tomachine due to its excessive
hardness and brittleness. Usually, when harder materials are mechanically machined,
the cutting grits are worn out very fast and results in a poor grinding outcome. ELID
gave the opportunity of continuous dressing. Hence, the problem of wheel loading
was overcome. Later in the ‘90s, Ohmori [3] further investigated and improved ELID
grinding by introducing super abrasive wheels with sub 5 μm grit (particle) size.

6.1.2 Basic Concept of ELID Grinding

The basic concept [4] of the ELID grinding is explained in Fig. 6.1. Usually, ELID
grinding wheels contain extremely fine grits with a size of 1–5 μm which are firmly
held by metal bond or metal-resin bond. As described in Fig. 6.1 a cathode electrode
(usually Copper or Brass) is closely placed near the grinding wheel, and a grinding
fluid cum electrolyte is forced to flow in the gap between the wheel and electrode.
The other part of the wheel takes part in the actual grinding operation, as shown in
Fig. 6.1. It is to note that a pulsed DC power supply is continuously applied between
the grindingwheel and the cathode to carry out electrochemical dressing of the wheel
(anodic dissolution). The details of the physics behind the ELID dressing is explained
in the next paragraph.

Figure 6.2 describes how the wheel dressing takes place during the process of
Electrolytic In-Process Dressing (ELID) [4]. In the very beginning, a new grinding
wheel does not have any grit protuberance. All the grits are sintered inside the metal
matrix, as shown in Fig. 6.2a. Therefore, the wheel needs to be pre-dressed without
any grinding action for a period of 15–20 min. During the 1st phase of the dressing,
the anodic dissolution of the metal bond takes place. The dressing current is high at
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Fig. 6.1 Basic ELID grinding setup

Fig. 6.2 Basic working principle of ELID dressing of the grinding wheel

this stage due to the absence of the metallic oxide. As time progresses, a metallic
oxide layer is formed around the circumference of the grinding wheel, which retards
excessive dressing current flow and saves the wheel from overdressing Fig. 6.2b. At
this stage, the grits are protruded out and held partially by the soft and brittle metallic
oxide. After the pre-dressing, the actual grinding starts as described in Fig. 6.1. At the
same time dressing continuously on the other side of the wheel (Fig. 6.1). When the
wheel comes in contact with the workpiece, the metal oxide layer partially breaks,
and the sharp grits start to grind the workpiece (Fig. 6.2d). As the grinding progresses
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the grits become blunt and falls of the wheel because of the excessive grinding force
and them being held by soft and brittle metallic oxide bond instead of a pure metal
bond. This breakage of the metallic oxide gives rise to the dressing current, and
anodic dissolution, hence new sharp grits come out, and the ELID cycle continues
(Fig. 6.2e, b). It is to note that because of the formation of the metallic oxide, the
ELID dressing has an internal control to prolong the wheel life by saving it from
unneeded overdressing.

6.1.3 Types of ELID Grinding

There are several variants of ELID grinding. The very basic one is known as ELID I,
which is explained in Fig. 6.1. In this case, the wheel is being dressed continuously
in one side, and the grinding action is taken place on the other side of the wheel. In
the case of ELID, I grinding can be carried out by the bottom [5] or the peripheral
surface of the wheel [6]. The typical gap between the cathode and the grinding wheel
ismaintained to be100–300μm,and the coverageof the cathode is usually 17–25%of
thewheel area [4]. There is an inherent problem associatedwith ELID I configuration
when it comes to grinding the internal surface of a hollow cylindrical object. Due
to the limitation of the ELID I setup, continuous dressing is not possible; hence, the
intermittent ELID configuration was proposed, which is known as ELID II [7]. In
the ELID II configuration, there are two distinctive zones, namely grinding zone and
dressing zone. In the dressing zone, there is a cathode block mounted and connected
with the ELID power supply, and in the grinding area, the workpiece to be machined
is attached. The dressing is intermittently conducted by moving the grinding when
to the dressing zone. The dressing moment and duration is decided by monitoring
the grinding condition such as the grinding force. As an obvious consequence of
the alternating dressing sequence of the ELID II configuration, the overall grinding
time in ELID II is significantly higher, which increases the production time. Thus,
a new ELID arrangement was proposed by Qian et al. [8] for internal grinding
of the cylindrical surface. In this ELID III configuration, the metallic workpiece
was connected as a cathode and dressing, and grinding was continued without any
interruption in a similar way of ELID I preparation. ELID IIIA is a subset of ELID
III grinding setup. In ELID IIIA, the power supply that was used was AC instead
of DC. During the ELID III operation sometimes there will be cases where some
unwanted spark may occur due to the breakdown of the dielectric barrier of the
electrolyteswhichmay cause localized damage on theworkpiece and grindingwheel.
By introducing the AC power source, the workpiece becomes anode in the half-cycle,
and an anodic oxide layer is formed on both the workpiece and the grinding wheel.
This layer act as a protective coating so that the no unwanted discharge may happen
between the workpiece and the grinding wheel. In 2007, Ohmori et al. [9] another
electrode less arrangement of ELID grinding, which is mostly used for fine grinding
operation. In this case, the nozzle was attached with two plates charged positively
and negatively, respectively, as shown in Fig. 6.3. As a result of this, the liquid that
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Fig. 6.3 Ion shot ELID grinding (ELID IV) [9]

was forced out of the nozzle was already charged creates an oxide layer on the ELID
wheel. And the ELID cycle continues as described in Fig. 6.2.

In summary, we can state that ELID I, ELID II are ELID configuration with an
extra cathode electrode, whereas others are electrodeless ELID arrangements. Al
types of ELID setups use pulsed DC power source except for ELID IIIA. ELID II
is the only variant of ELID grinding that uses intermittent dressing. Finally, except
ELID IV, all other types of ELID use non-ionized electrolyte/grinding fluid.

6.2 Research on ELID Grinding

Asmentioned earlier, ELID grinding was first introduced byMurata et al. [3] back in
’85. However, it was later extensively researched by the chief scientist of Riken Japan
Dr. Hitoshi Ohmori [5] and other researchers around the world. The research related
to ELID grinding can primarily be divided into three categories, they are, research
related to fundamental physics of ELID grinding, the study of ELID grinding on
different types of materials and investigation on various instrumentation and control
aspects of ELID grinding.

6.2.1 Fundamental Investigation on ELID Grinding

ELID grinding was thoroughly investigated by Ohmori et al. [5] to understand the
physics behind the ELID mechanism. They were the first [5] to report and explain
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the non-linear behaviour of the ELID dressing current and interaction between the
grinding and breakage of the oxide layer, as described in Fig. 6.2. In their work,
Ohmori et al. [5] used a super abrasive wheel with sub-micron sized grain to achieve
the average surface of the Si wafer as low as 8 nm. Later Ohmori et al. [10] studied
ELID grinding more comprehensively to understand how the wheel bond material,
grinding fluid, and power supply affect the dressing performance. It was observed
that bond material had a profound role in the dressing current. Cast Iron bonded
wheel produces a thick oxide layer which causes the dressing current to be reduced
as the dressing progresses. Whereas, Bronze and Cobalt bonded wheel maintained
relatively constant dressing current due to thinner ELID layer formation. They also
reported that with the progression of the grinding time, ELID grinding keeps rela-
tively consistent grinding force as compared to conventional grinding. This finding
proves that ELID does ensure continuous protrusion of sharp grits with the applica-
tion of electrolytic dressing current. Lim et al. [11] carried out an in-depth study of
a various phenomenon observed in the ELID grinding. The workpiece they used for
their research was BK7 optical glass. They correlated the variation of the grinding
force with the initiation and end of the dressing (i.e. the breakage of the insulat-
ing layer). They also observed that higher dressing pulse frequency causes more
dressing hence reduces the tool life. Conventional grinding without ELID dressing
caused the grinding force to be increased because of the wheel loading occurrence.
During ELID grinding higher feed speed was observed to be detrimental because of
the slower dressing rate, which eventually caused a burning mark on the workpiece.
Fathima et al. [12] also studied the wear mechanism of the grinding wheel during the
ELID process. They defined a factor, which is a function of dressing current, voltage
and duty ratio. This factor determines themode ofmachining, whether it is the ductile
mode or brittle mode. They also suggested for coarse grinding operation shorter Ton
time is preferred as opposed to longer Ton time during the fine grinding. Fathima
et al. [13] further continued the research in pioneering to model the exerted grinding
force for ELID grinding. They showed [13] when the grinding force was simulated
using cast iron as the bond material, the experimental finding was significantly lower
than the simulated grinding force. Which demonstrates convincingly that the ELID
layer plays a vital role in reducing the cutting force. However, experimental and sim-
ulated results were quite similar when they used micro/nanomechanical properties
of ELID layer as the bond material which is the actual case. Chen [14, 15] carried
out modelling for anodic dissolution during the ELID dressing process for both the
two and three dimensional cases. Their observation suggests that the dressing rate is
higher at the boundary of diamond and the metal bond. They also concluded from
their study that for the similar wheels and same targeted dressing rate the dressing
current necessary for a denser diamond concentration tool is a lesser amount of than
that needed for a lower diamond concentration tool. Fathima et al. [16] further inves-
tigated the wear mechanism of the ELID wheel during the grinding of the Silicon
wafer. They found that wheel wear is influenced by the depth of cut, wafer surface
condition and the dressing condition. Zhuet al. [17] analyzed the electrolytic flow
in the gap between the ELID wheel and the cathode electrode. They compared the
flow analysis for rigid electrode and flexible foil electrode and concluded that foil
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electrode performs better in the case of low electrolytic flow rate as compared to the
conventional rigid electrode.

6.2.2 Study on the Application of ELID Grinding

Use of ELID grinding is something that many researchers around the globe have
investigated extensively. Most of the researchers tried ELID grinding on hard and
brittle material to achieve ductile mode surface finish. The notable materials that
were investigated with the application of ELID grinding are ceramics, Silicon (Si)
wafer, metal, optical glasses etc.

Ohmori et al. [18] first triedELIDgrinding to carry out finishing operation of struc-
tural ceramics. They managed to achieve sub 10 nm average surface roughness (Ra)
using the super abrasive diamond wheel with grit size 4000–8000. Bandyopadhyay
et al. [19] studied the application of ELID grinding on SiN ceramics to show how
ELID dressing reduces the grinding force significantly. However, it was found in the
study [19] that even in the ELID, the initial grinding force was higher before it settles
to a lower stable value. Bandyopadhyay et al. [19] proposed a two-stage dressing
method to address this problem. In his solution, authors [19] carried out first pre-
dressing and removed the oxide layer mechanically. Then they carried out second
pre-dressing and performed the ELID grinding as usual as explained in Fig. 6.1. As
a result of this improvised technique, the grinding force was observed to below from
the beginning of the grinding process. Katahira et al. [20] carried out a fascinating
study of ELID operation on Aluminum Nitride (AlN) ceramics to show that finer
wheels with a mesh size of #4000 and above could generate a ductile surface with
a surface roughness of as low as 8 nm and without any brittle fracture. They also
concluded that because of the diffusion of Oxygen, the end surface after the ELID
operation is superior over the conventionally polished surface in terms of surface
hardness, frictional coefficient etc.

Ohmori et al. [21] first tested ELID lap grinding using the metal resin-bonded
wheel to polish Si wafer. They successfully achieved a very smooth finish with a
surface roughness of as low as ~3 nm. Later Islam et al. [22, 23] used ELID grinding
to conduct the thinning of the Si wafer. The thinning ratio was more than ten times
with a fine average surface roughness of 6 nm. They also developed a new type
of injection nozzle for better coverage of the electrolytes between the wheel and
electrode gap. Injection electrode outperformed the conventional ELID system by
reducing the grinding force as it enhances the dressing and constant protrusion of
the sharper grits.

Saito et al. [24] investigated ELID grinding for lens mould materials (cemented
carbide) using different grinding wheels with varying bondmaterials namely Copper
(Cu), Chromium (Cr) and hybrid Resinoid bond. It was found that Cr series wheel
showed the best result in terms of ground surface roughness. The resinoid perfor-
mance was the worst among the three. Ohmori et al. [25] used ELID grinding to
achieve a mirror finish on Stainless Steel. The study confirms that ELID grinding
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helps to diffuse grinding particles into the workpiece and produce a stable oxide
layer on the ground surface. This provided better surface, tribological and corrosion
resistance property as compared to the conventionally polished surface. In another
study, Raffleset al. [26] use ELID grinding with metal/resin bonded wheel to achieve
the super finish on the spherical bearings.

Direct finishing of glass using ELID grinding for various optical applications has
been investigated by numerous researchers. Kumar et al. [27] investigated ELID
performance on peripheral grinding of BK7 optical glass. They [27] observed that
the current duty ratio plays a vital role in minimizing surface crack on the ground
sample. They also reported that higher current duty ratio usually reduces the grind-
ing force because of more dressing and renewal of the sharp grits. Stephenson et al.
[28] experimented ELID grinding of BK7 and Zerodur glass along with Acoustic
emission (AE) signal. Stephenson et al. [28] concluded that the AE signal is well
correlated with wheel loading and aggressive grinding, which can be used as an
effective method of monitoring technique for ELID grinding. Yin et al. [29] also
studied the feasibility of grinding Zerodur glass using ELID grinding. They success-
fully achieved ductile mode grinding with an average surface roughness of ~10 nm.
Saleh et al. [30] also experimented ELID grinding for vertical channel grinding and
spherical lens fabrication. At lower feed speed, they [30] managed to achieve an
average surface roughness of 15 nm with #4000 series wheel.

6.2.3 Study on the Feedback and Intelligent Control of ELID
Grinding

To improve the performance of the ELID grinding, few researchers have worked
on incorporating various sensory and intelligent control to the conventional ELID
system. Boland et al. [31] introduced a control algorithm to make the dressingcur-
rentuniform. It is a well-understood phenomenon that dressing current is high in the
absence of ELID layer and reduces down as the oxide layer forms. Boland et al.
[31] wanted to minimize the variation of the dressing current by observing it in fre-
quency domain thus controlling the feed speed of the motion. Lee et al. [32, 33]
proposed another interesting control algorithm to keep the thickness of the ELID
layer constant throughout the grinding process. This confirms the constant grinding
mechanics throughout the operation. In their study, Lee et al. [32, 33] showed that
layer thickness is a linear function of the actual dressing current. Hence, by contin-
uous monitoring of the actual dressing current and controlling of the peak dressing
current the thickness of the ELID layer was maintained to be constant during the
entire grinding operation. In ELID grinding tool wear is significant and would affect
the form accuracy during the grinding, of surface if not compensated. To address this
problem Rahman et al. [34] developed an on-machine measurement (OMM) sys-
tem for sequential compensation of the ELID wheel wear during the grinding of the
curved lens. To increase the wheel life, Saleh et al. [6] proposed an efficient dressing
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method by monitoring the grinding force ratio K (normal grinding force/tangential
grinding force). The dressing voltage was varied as a linear function of K. As the
K increased the dressing voltage was also increased as this indicated worn-out con-
dition of, the wheel. However, if the K value is low and the wheel is still sharp
enough, the dressing voltage was lowered down to avoid excessive dressing. This
method helped to minimize the dressing current variation and to increase the wheel
life without compromising the grinding output (i.e. the surface roughness). Later,
Saleh et al. [35] also proposed an in-process wheel truing method by applying the
pulse width control (PWC) of the ELID power. At first they [35] monitored the wheel
profile with the help of an inductive and optical sensor. Inductive sensor was used to
measure the distance between the sensor head and the wheel’s metallic bond (hence
the wheel profile) whereas the optical sensor was acted as the trigger to start the
measurement of the inductive sensor. Then the inductive sensor data was arranged
along the circumference of the wheel to understand its profile. By knowing the wheel
profile the dressing power duty ratio was varied by implementing PWC control. This
provides a programmed non uniform dressing and ELID layer formation along the
circumference of the ELID wheel. Eventually as the wheel came into contact with
the workpiece the excess ELID layer was broken off and the wheel became trued.
This method helped to eliminate a need for a separate truing mechanism of the ELID
wheels. Fathima et al. [36] proposed a knowledge based feedback control system
for the ELID grinding of curvilinear surface. In their proposed system the optimized
ELID parameters were chosen based on the knowledge base and then feedback con-
trol was applied to maintain ELID parameter (namely the dressing current) constant.
This reduced the number of correction passes due to the wheel wear. The feedback
control mechanism also improved the surface roughness by a margin of 2 × to 3 ×
times.

6.3 Recent Trend on the Research of ELID Grinding

This section will discuss how the recent research (for the last five years or so) is
being evolved for ELID grinding. Kersschot et al. [37] developed the ELID layer
growth model using the Helmholtz model for electrolytic passive layer formation. It
was observed in their study [37] that growth rate of the passivation layer is positively
influenced by aggressive dressing power setting, larger grit size and slower wheel
speed. Hence, authors suggested to reduce the wheel speed during the time of pre-
dressing to form a thicker layer in a shorter time. The authors also concluded that
proper electrolyte with the right oxidizing substance is very important for the growth
of the ELID layer which may not be achievable with the commercial electrolytes.
Wei et al. on the other hand, [38] implemented fuzzy logic control mechanism in
order to maintain uniform ELID oxide layer.

Kuai [39] investigated the composition of the formed ELID layer and observed
the presence of α-Fe2O3 in the passive ELID layer. He also described the method of
generation and transformation of α-Fe2O3 in the ELID layer. Kuai et al. [40] further
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investigated the oxide layer that is formed during the ELID process in a more detail
manner using scanning electron microscopy, tunneling electron microscopy, infrared
ray spectrum analysis. Their results revealed the presence of α-Fe2O3 in the passive
ELID layer, which provides the polishing effect alongside actual grinding.Moreover,
it was also observed that the α-Fe2O3 particle in oxide film is nearly spherical with a
diameter of 5–50 nm which further explains why the polishing effect could generate
ultrafine smooth surface during the ELID grinding operation.

Wu et al. [41, 42], in their study, pointed out the non-uniform contact between the
wheel and workpiece during ELID groove grinding. They studied ELID grinding for
bearing raceway under several dissimilar grinding conditions. They were convinced
by their study that non-uniform contact does persist during the ELID groove grinding
process which affects certain surface roughness properties of the ground surface.
Figure 6.4 explains four different stages of non-uniform contact for ELID groove
grinding. In order to explain the non-uniform contact the authors imaginarily divided
the grinding wheel into three regions; left, middle and the right region. During the
pre-dressing time, the formation of the ELID layer is uniform throughout the region
(stage 1 in Fig. 6.4). As the grinding progresses the grits in the middle region mostly
takes part in the machining action (stage 2 in Fig. 6.4) not the two side regions. As
time progresses grits and layer in themiddle regionwears out and electrolytic process
restarts, however, the two regions on the sides now take place in the grinding action
(stage 3 in Fig. 6.4). In the final stage, the middle region has more oxide layer and
the side regions have worn out grits and oxide layer. These stages are recursive for
the whole grinding process. Authors found that this non-uniform contact during the
ELID grinding causes adverse effects on some of the surface roughness properties of
the ground workpiece. This non-uniform contact could be eliminated by the active
control of the ELID layer formation as pointed out by the authors in their subsequent
study [41].

Zhao et al. [43] described that wheel truing is very important in order to achieve
precision grinding with ductile mode machining. They also emphasized that the
protrusion of the cutting grits should be less than the critical depth of cut for ductile
mode machining. To achieve the conditioning of the grinding wheel, they [43] have
developed a setup as described in Fig. 6.5. In the work spindle, a conditioning cup
wheel wasmountedwhichwas dressed using conventional ELID technique. Then the
grinding wheel was mechanically trued using the cup wheel. The grinding wheel was

Fig. 6.4 Stages of non-uniform contact between the grinding wheel and bearing raceway [41]
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Fig. 6.5 Grinding wheel conditioning setup [43]

constantly monitored until desired run-out tolerance was achieved. By applying this
wheel conditioning technique researchers managed to improve the wheel run-out by
amargin of ~18 x. In their second stage of the research Zhao et al. [44] tested the trued
wheel for surface and profile grinding. It was observed in the study that even coarse
grinding wheel could achieve stable and smooth grinding condition provided the
wheels are conditioned as explained in [43]. The material removal rate was observed
to be substantially high. However, the surface roughness was very low (~10 nm)
which is counterintuitive. Moreover, the wheel did not require continuous dressing
as opposed to conventional ELID system, hence the wheel life was prolonged. The
subsurface damagewas observed to be in themicrometer range. The author concluded
that the newly developedwheel conditioning system is feasible for precision grinding
of optical glasses.

Tang et al. [45] investigated and modelled accumulated depth of cut (DoC) error
for ELID grinding and compared it with the conventional grinding. It was found in
their study that after a certain number of grinding passes the accumulated error in
the DoC gets saturated and the saturation is faster if the DoC for the single grinding
pass is higher. Authors also reported that ELID grinding provides better stability and
higher material removal rate as compared to conventional grinding specially during
large volumematerial removal. Moreover, faster grinding wheel rotational speed was
found to be beneficial for the grinding process.
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Zhao et al. [46] studied ELID grinding performance for grinding SiC bear-
ing rollers. They also experimentally modelled the surface roughness and material
removal rate (MRR) as a function of grinding wheel speed, applied load and eccen-
tricity of the workpiece. The authors concluded that among the three factors the
applied load demonstrated the most significant effect in influencing surface rough-
ness andmaterial removal rate. Both increases as the load are increased.Wheel speed
was found to have no or little effect on the surface roughness and MRR. Finally,
eccentricity was found to have a strong correlation with surface roughness but no
significant effect on MRR. Kuai et al. [47] studied the oxide film that is developed
during the ELID process and observed the presence of absorbed and lattice water
in the film. They proposed a two-step cooling process of the absorbed and lattice
water in the film which improved the overall grinding performance. Yu et al. [48]
conducted an experimental study of ELID grinding on SiCp/Al composites. They
studied the grinding force variation under ELID condition. They found that grinding
force increase with the increase of the depth of cut and feed speed which is natural.
However, grinding force was not found to be proportional with the feed speed as
the increase rate of the grinding force was observed to be slowed down at higher
feed speed. Surface roughness was found to have an increasing trend with the feed
speed as it facilitates brittle mode machining instead of ductile mode. ELID dress-
ing was found of being very effective in producing high-quality ground surface for
SiCp/Al workpiece. Gao et al. [49] conducted thorough research on the formation
mechanism of the passive oxide layer during the process of ELID grinding. They
also investigated the parameters that affect the layer formation. They successfully
achieved mirror surface finish on silicon nitride ceramics by controlling the oxide
layer thickness in real-time.

Zhao et al. [50] introduced a new way of conducting ELID grinding using the
assistance of ultrasonic vibration. Authors studied the process experimentally and
also modelled the process to predict the ground surface quality. Figure 6.6 [50]
shows the predicted and actual surface roughness variation for different depth of

Fig. 6.6 Surface roughness
for different grinding depth
of cut [50]
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cut of grinding. As can be observed from Fig. 6.6, the fit with the experimental
result is better for ultrasonically assisted ELID grinding. However, for other grinding
parameters such as grinding wheel and workpiece linear speed and axial feed speed
the variation between the theoretical prediction and experimental finding for the
surface roughness was quite significant.

Recently Wang et al. [51] carried out a comparative study on the ELID layer
for tool electrode and workpiece electrode case. Authors conducted experiments to
investigate the different properties of ELID layer (such as thickness and surface mor-
phology) for the case of workpiece-cathode and tool-cathode with various dressing
conditions. They also studied the grinding forces for the said conditions. The authors
[51] observed that as the dressing current increased the oxide layer became discon-
tinuous for the case of workpiece-cathode whereas layer became smoother for the
tool-cathode condition. Interestingly it was observed that grinding force was smaller
for workpiece-cathode as compared to tool cathode as the ELID layer was thinner for
the later. Kuai et al. [52] continued their investigation on the ELID layer by studying
its mechanical properties. They observed that the hardness and stiffness of the oxide
filmwere higher than thewheel’s bondmatrix. Huang et al. [53] continued their study
of ELID grinding on SiC/Al composite to investigate the variation of the grinding
force for various grinding condition. They found that for ELID and non ELID, dry
and wet grinding; in all the cases grinding force increased with the table speed and
depth of cut.

Wu et al. [54] highlighted that ELID wheels have two stages of wear. Primarily
it has mechanical grit wear and at the same time, it has anodic dissolution due to
the electrolytic dressing. Hence, the wear prediction of the grinding wheel becomes
more uncertain. As such,Wu et al. [54] proposed a newmethod of wear characteriza-
tion quantitatively to understand the wear life of the ELID wheels more effectively.
Shao et al. [55] studied the material removal mechanism for ultrasonically assisted
ELID grinding by proposing amathematical model for this. Experimentally they [55]
observed that MRR increased with higher DoC and feed speed. They [55] also found
that ultrasonically assisted ELID improved the MRR as compared to conventional
ELID grinding. Kuai et al. [56] investigated an ELID grinding performance on a new
material (CoCrMo Alloy) which is widely used in various biomedical applications.
They found that ELID grinding is quite effective on the said material moreover ELID
grinding caused to form a corrosion-resistant oxide layer on the alloy. Very recently
Bader et al. [57] proposed a regression model to predict the oxide layer thickness
during the ELID process. The polynomial model takes voltage, gap dimension and
electrolyte flow rate as the input to predict the layer thickness. The influences of
all the three parameters were equally found to have significant influence for the
formation of the ELID layer.
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6.4 Summary

ELID grinding has been in the research interest for almost thirty years. It has been
proven to be useful for obtaining sub-ten-nanometer surface finish on the hard and
brittle material such as glass, ceramics, tough metallic alloys etc. Several reported
researches have established the fact that ELID grinding can achieve ductile mode
grinding on the hard and brittle material as it ensures constant protrusion of the sharp
grits by conducting in situ dressing. The main objective of ELID grinding was to
remove the subsequent final finishing process like polishing and lapping. However,
the fact is ELID grinding has not been accepted yet by the industry players even
after thirty years of research. There are some challenges that need to be addressed
properly before ELID grinding could be accepted widely by the industry. There is no
ELID grinding machine available commercially. Most of the researchers use conven-
tional ELID grinding and retrofit it to conduct ELID dressing of the grinding wheels.
However, this is not good for the machine as the flow of electrolytes with power
supply can initiate corrosion of the machine parts which eventually will reduce the
grindingmachine’s life. This can be one reason for the industry to be not interested in
introducing ELID grinding in their operation. Therefore, it is a necessity to design an
ELID grinding machine by introducing proper flushing and draining system for the
electrolytes so that the machine’s structural body can be saved. Another challenge
is a proper model (machine-learning based) is required to predict the optimum input
condition for the ELID grinding for various workpiece and grinding wheel combi-
nation. If this is available then the industry would be more interested in using ELID
grinding as their final finishing operation.
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Chapter 7
Advances in Abrasive Flow Finishing

Vivek Rana, Anand C. Petare, and Neelesh Kumar Jain

Abstract Abrasive flow finishing (AFF) is a non-traditional advanced fine finish-
ing process using an abrasive-laden viscoelastic polymer for finishing, polishing,
deburring, radiusing of the component having a complex geometrical shape with
inaccessible areas and difficult to machine materials. AFF is a consistent, accurate
and repeatable process compared to another finishing process. It was initially devel-
oped in 1960 by ExtrudeHoneCorporation, USA for finishing valves of radar-guided
vehicles. It uses a flexible abrasive laden viscoelastic finishingmedium,whichmakes
it most popular with nanofinishing process for simple as well as complex geometrical
components. Continual research in many areas of AFF is in underway to explore its
applications for different components, finishing medium developments and appli-
cations, process modeling and online control, automation with robotic interface for
mass finishing operation, development of new mechanisms and types for fourth-
generation AFF. This article reports on advances in process modeling and optimiza-
tion, alternative finishing medium and rheological characterization, hybrid, derived
and hybrid-derived variants and applications of AFF for finishing advancedmaterials
and complicated geometry. This article will be beneficial for researchers, academi-
cians, and industrialists who areworking in the field of precision finishing of complex
geometrical mechanical components and willing to implement AFF.
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7.1 Introduction

Advancement in technology required highly finished products in specific areas such
as space technology, automobile components, production of surgical equipment,
aerospace components, marine and defense components, power plants and turbine
equipment, dies andmold, additivemanufacturing, inmicro/nano electro-mechanical
systems (MEMS/NEMS) and micro-systems, etc. Precision finishing of complex
geometrical components and difficult to machine materials are costly labor intensive
and uncontrollable. Improving surface finishing manufactured components below
1 µm accounts for 15% of overall production cost [1]. To finish components vari-
ous conventional finishing processes such as polishing, grinding, lapping, honing,
burnishing, peening and shot blasting used. These conventional finishing processes
suffer some inherent limitations while finishing complicated geometry and difficult
to finishmaterials. Polishing is applicable for finishing external cylindrical and planer
surfaces by using emery paper, belt containing abrasives of alumina, silicon carbide
or diamond. The finishing result of polishing depends uponmanual pressure and type
of handling workpiece. It is unable to finish internal cylinder or complex geometries.
Grinding wheel geometry not permit it to go inside the deep holes, intricate sharp
corner the complicated geometry and it also produces burnmarks on finished surface.
Lapping is slow process to improve minor surface irregularities and not applicable to
finish complex geometrical components. Honing can improve surface finish cylin-
drical as well as planer surface but it having very short life of honing sticks. Shot
blasting removes burrs effectively, but it causes deformation in soft materials and
embedding of abrasive particles on finished surface required cleaning through hand
file or blowing. Burnishing causes localized hardening over finished surface and
not applicable to finish thin-walled components. The deficiencies of conventional
finishing processes have enforced development of advanced finishing solutions for
finishing complicated geometries, difficult to machine materials, curved holes and
sharp corners, etc.

Abrasive flow finishing (AFF) comes into existence to overcome the limitations of
conventional finishing processes by using high pressurized flexible finishingmedium
called putty. The putty can easily go inside intricate spacing, confined passages
of complex geometrical components and imparted nano finishing up to 0.05 µm.
Figure 7.1 illustrates the schematic of the working principle of AFF. It consists
of hydraulic or pneumatic cylinders mounted at top and bottom inside the struc-
ture of bars and platen. Top and bottom hydraulic or pneumatic cylinders cou-
pled with medium cylinders. A finishing medium of abrasive particle, mixing oil
and viscoelastic polymer prepared and filled in medium cylinder. The workpiece is
kept sandwiched in between both medium cylinders inside the fixture and finishing
medium passes over the workpiece. The back and forth motion of finishing medium
over workpiece surface causes abrasion and impart fine finishing to the workpiece.
A hydraulic or pneumatic power unit used to provide motion to the hydraulic or
pneumatic cylinder.
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Fig. 7.1 Schematic of the two-way abrasive flow finishing (AFF) process and its working

The major component of the AFF system divided into three parts: (a) AFF struc-
ture; (b) Finishing medium; and (c) Tooling and fixture. AFF structure consists of
hydraulic or pneumatic cylinders, power supply unit, medium cylinder, supports
plates, bars, stroke counter, limit switches to control stroke length of the medium
cylinder and pressure regulators. Finishing medium is mixture of viscoelastic poly-
mer, abrasive particle and mixing oil. Abrasive particle size, concentration and types
selected based on finishing requirement. Aluminum oxide, silicon carbide (SiC),
cubic born nitride (CBN) and diamond abrasive particles are generally used. Tooling
and fixture holdworkpiece towithstand in high extrusion pressure and guide finishing
to reach the desired surface ofworkpiecewhere finishing is desired. It also serves pur-
pose to block the space selectively where finishing does not require. Nylon, Teflon,
metlon and stainless steel generally used for fabrication of fixtures. AFF frequently
used for finishing variety of industrial components in aerospace, automobile, pump
manufacturing, turbine, additive manufacturing, recast layer removal, pipe manufac-
turing, casting, medical industry, food processing and industry producing complex
structure with accessible areas. The AFF is applied for removal of materials from
soft aluminum to tough nickel alloys, ceramics and carbides effectively [1]. AFF
system is of three types (a) One way AFF: In this type system finishing medium is
introduced at entrance of workpiece bymedium cylinder and it collected at the exit of
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workpiece. Finishing medium again collected and reinserted for next cycle. (b) Two
way AFF: This type of AFF finishing medium continuously reciprocates between
two medium cylinders and workpiece placed in between both medium cylinders. (c)
Orbital AFF: In orbital AFF finishing medium back and forth between two medium
cylinders. A displacer placed opposite to work piece. The finishing medium flow
in between workpiece and displacer and vibratory movement provided to displacer
which deflects flowof finishingmedium. (d)Multi-flowAFF: This system is extended
version of two ways AFF in which one more setup of two way AFF placed near to it.
The direction of movement of hydraulic cylinders of second setup is opposite to first
one. This system employed for mass finishing jobs and intricate castings. Presently,
AFF systems are also capable of working in semi-automatic or fully automatic com-
puter numerical control (CNC) version with facilities to robotic interface for mass
finishing as well as job finishing operation [1, 2].

7.1.1 Process Parameters of AFF

The result produced by AFF highly influenced by process parameter applied, there-
fore the selection of process parameters are very important aspect to achieve the
desired improvement. The details of various AFF process parameters are as follows:

• Extrusion pressure: Extrusion pressure is a force exerted by hydraulic or pneu-
matic power supply unit over per unit area of finishing medium to extrude it
through restriction, created between workpiece to fixture. Extrusion pressure
ranges from 0.7 to 22 MPa [3] and MRR increases with an increase in percentage
concentration of abrasives in finishing medium and extrusion pressure, but with
mesh size of abrasive grains, its value decreases [4]. Higher extrusion pressure
causes decrease in average surface roughness (Ra) and increases microhardness
due increase of axial forces over abrasive particle. Some parts of the total applied
extrusionpressure lost to overcome internal resistance causedbyfinishingmedium
[3].

• Number of cycles or finishing time: Cycle is the distance travelled by themedium
piston during its movement from initial position to return to again initial position
and it varies from one to several according to finishing requirement. A review
of literature suggests that rate of abrasion is very high during initial cycle due
to the large peak to valley ratio. Decrement in surface roughness increases with
increases in finishing cycle and MRR decreases due to reduction in peak height
[5, 6].

• Flow volume of medium: The volume of the finishing medium contained in the
medium cylinder is called the flow volume of the medium. MRR related to the
slug length of the flow of medium and it connected with flow volume. Slug length
of flow of medium is ratio of flow of medium to the cross-sectional area of the
confined section. The higher flow volume of medium results in higher MRR [6].
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• Flow rate of medium: Flow rate of the medium is the ratio of flow volume of
medium to finishing time, and it depends on extrusion pressure and the viscosity
of finishing medium. Slow flow rate causes uniform removal of materials and
produces good surface finish whereas high flow rate causes the formation of
edges. The flow rate generally exceeded 380 L per minute for extrusion pressure
ranges between 0.7 and 22 MPa [1].

• Medium temperature: Medium temperature profoundly influences the physical
properties of the finishing medium. As number of cycles increases, temperature
increases hence viscosity of the medium decreases [7]. It must be in the range 30–
70 °C increasing beyond 100 °C causes a permanent change in medium properties
[8–10].

• Abrasive type and size: Generally used abrasive particles are silicon carbide
(SiC), aluminum oxide (Al2O3), diamond, cubic boron nitride (c-BN), boron car-
bide (B4C) used for preparing finishing medium. Its size ranges from 0.005 to
1.5 mm [1] and it selected according to finishing and material removal require-
ment. Coarse abrasive particles are recommended for higher MRR and fine
abrasive particles for fine surface finish [3].

• Abrasive concentration: It is a volumetric ratio of the volume of abrasive par-
ticles in finishing medium to total volume of finishing medium. The abrasive
concentration varies from 5 to 50% in a finishing medium [10]. An increase in
the volume of abrasive concentration in finishing medium increases surface finish
and MRR due to availability of more active grain but high percentage of abrasive
concentration causes increase in stiffness of medium and chances of choking of
the finishing medium [11].

• Mixing oil type and concentration: Mixing oil is used to form a bond between
viscoelastic medium and abrasive particles. Concentration highly influenced the
finishing results produced by AFF. An increase in the concentration of mixing
oil decreases surface finish and MRR whereas decrease in the concentration of
mixing oil causes chocking of finishing medium [12].

• Viscosity of medium: Viscosity of medium is a highly influential parameter,
it depends on type and concentration of viscoelastic polymer, mixing oil, abra-
sive particle, and other additives. The higher viscosity of medium gives a higher
reduction in surface roughness and MRR but the more chances of chocking of
the medium. For deburring and radiusing low viscosity medium is applicable [2].
Higher viscosity medium is preferred when the channel length is beneath the two
times of channel width or diameter; otherwise, low viscosity medium is preferred
[13]. The viscosity of medium is increased by increasing the concentration of
abrasive particles, and it results in higher surface finish and MRR [11].

• Surface condition: Surface quality of workpiece before AFF significantly affect
finishing results because, in initial AFF cycles, abrasive particles try to flattening
of roughness peaks having high height. After someAFF cycle when surface peaks
come to average size than abrasive particles shear off all peaks altogether. Loveless
et al. [2] examined the finishingmechanism of AFFwith different types of surface
produced by wire electro-discharge machining, lathe, grinding and milling. They
found that surface produced by WEDM was best for AFF because of less height
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of peaks, micro-cracks, and formation of loose connections of white layer with
the workpiece surface.

• Hardness: Hardness of material significantly affects the finishing results gener-
ated by AFF. Past studies show that while contacting with the soft material depth
of depression of abrasive particle is more as compared to hard materials, therefore
more MRR and improvement in surface finish [11].

7.2 Advantages

• AFF can finish concave areas, convex areas and objects having a complex
geometrical shape which are unable to finish by using other finishing processes.

• AFF can finish edges and radius very quickly compared to another finishing
process.

• Drilled holes of size from 0.22 to 1000 mm can be finished/deburred easily by
AFF. Also, multiple holes of diameter 3 mm and depth 10 mm can be finished
simultaneously [14].

• AFF can produce a surface finish up to 0.05µmwith a close dimensional tolerance
of ±5 µm within a short duration of time [14].

• Finishing results produced by AFF are consistent, repeatable, and predictable.
• AFF offers higher flexibility compared to another finishing process in terms of

abrasive particle type, size, concentration, finishing medium type, fixture type,
workpiece (external and internal both, conductive and nonconductive both).

• AFF constitutes a generalized finishing solution that gives highly accurate and
precise results.

• CNC controlled AFF setup has the capability to process thousands of parts per
day which can save employment costs for manual finishing up to a great extent.

7.3 Limitations

• Unable to correct taper deep surface irregularities, large counter profile, out-of-
roundness and surface cracks etc.

• The material removal rate is very slow, therefore not applicable for mass material
removal application.

• Controlling the viscosity of finishing medium is very less due to the mixing of
scarf continuously which affects finishing result.
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7.4 Advances in AFF

Available research initiatives reported following advances in the areas of modeling
and optimization, development of finishingmediumand rheological characterization,
AFF based hybrid and derived processes development and applications.

7.4.1 Advances in Modeling and Optimization

Prediction of material removal and finishing result in AFF is the complex and
stochastic due to following reason:

• Variation of physical conditions properties and viscosity of finishing medium due
to mixing of removed materials and increase of temperature of the medium.

• Unable to detect movement and contact pattern of the abrasive particle with
workpiece due to close contact of the fixture.

• Variability material removal pattern due to change of extrusion pressure, forces,
abrasive particle size, type, and concentration.

• Variation of the viscosity of medium is because of change in the pattern due
to change of abrasive particle size, type and concentration, mixing oil type and
concentration and additives.

• Variation in material properties and geometry of workpiece to be finished.

The above variation attracts the researcher to attempt for modeling and opti-
mization of AFF [10]. The advances reported in modeling and optimizations are as
follows:

Williams and Rajurkar [5] were first attempted for modeling of AFF using data-
dependent Systems (DDS) to find the ratio of surface roughness peak height (RZ)
to the average surface roughness value (Ra). They reported that the ratio of Rz/Ra

in between 1.4 and 2.2 mm. They found surface profile having large wavelength
(associated with path of abrasive particle) and small wavelength (associated with
cutting edge). A coefficient (Cd) ratio abrasive grain wear and the number of active
grains proposed. The increasing value of Cd means process is stablewhereas decrease
in value of Cd means cutting edges blunted and need to replace medium. Loveless
et al. [15] applied DDS to model surface roughness profile of milled, turned, WEDM
surface finished by AFF and reported similarities exist in finishing mechanism of
grinding and AFF.

Rajeshwar et al. [16] used constitutive equations of theMaxwell model to find out
the properties of the medium flow during AFF. The authors found a simple relation-
ship between the layer thickness of material removed and shear stress acting on the
surface. Petri et al. [17] established a predictive neural network model (NNM) using
search algorithm for polishing and surface removal applications. They reportedNNM
as a very useful tool to examine the effect of variation of AFF process parameters. To
predict abrasive wear in AFF Haan and Stief [18] developed a mathematical model
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and found abrasive particles have wear efficiency in the range of 105–103. Williams
[18] compared mechanism of surface generation in AFF with grinding process by
using acoustic emission signals. They reported that acoustic emission generated dur-
ing AFF is highly correlated to the restriction created between workpiece and fixture,
flow volume of the finishing medium and material removal rate.

Jain et al. [19] proposed a FEM strategy to predict forces and stresses established
on the cylindrical workpiece during the flow of abrasive media. They also developed
a model for MRR and average surface roughness in terms of abrasive particle size,
number of abrasive particles contacting with workpiece surface, size and hardness of
material and extrusion pressure. They reported (a) Increase in reduction ratio normal
stresses increases on workpiece surface; (b) Increase in abrasive concentration and
extrusion pressure results in increase inMRR; (c) Decrease in abrasive size decreases
MRR; and (d) Roughness ofmachined surface reduceswith increase in concentration
of abrasive particle, extrusion pressure and abrasive particle size.

For selecting the optimum value of process parameters in AFF to predict the
material removal and surface roughness, Jain and Jain [20] developed NNM and
genetic algorithm. They reported that (a) The results produced by NNM and GA
were very close agreement with each other; (b) possibility of use NNM to predict
surface roughness and MR confirmed. The same author [21] developed hypothetical
simulation model to decide active grain density in AFF medium. They reported (a)
increase in concentration and size of abrasive results in increase in grain density
of active abrasive particle; and (b) the developed model can simulate grain density
active abrasive particle for any size and concentration.

Jain and Jain [22] compared experimental results of MRR and surface rough-
ness with NNM and reported (a) good agreement between experimental result and
result produced by NNM; and (b) NNM as a useful tool to observe the effect of
variation of AFF parameters before experimenting. To predict specific energy and
tangential forces in AFF the same author [23] proposed a model by changing num-
ber of cycles, extrusion pressure, concentration and size of abrasive and workpiece
hardness. They also developed a heat transfer model to predict workpiece tempera-
ture. They concluded that (a) specific energy for grinding and AFF is overlapping;
(b) specific energy remains constant respective to increase of abrasive particle size,
but it remains higher for higher hardness materials; and (c) developed heat transfer
modelwas capable to predict workpiece temperature. Jain and Jain [24] compared the
result of material removal and surface finish produced by simulation and response
surface analysis (RSA). They reported that (a) Increase in abrasive concentration
causes increase in active number of particles hence enhance the material removal
and surface finish; and (b) increasing the, number of cycles, extrusion pressure, abra-
sive concentration and reduction ratio reduces the surface roughness and increases
material removal.

A multivariable regression analysis (MVRA) model to estimate material removal
(MR) and surface roughness developed by Jain and Adsul [11]. They stated (a)
MR is based on the initial surface of material and softer material gives more MR
and surface finish compared harder material; (b) Increase in abrasive concentration
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increases surface finish and MR; and (c) Increase in abrasive particle size decreases
MR and surface roughness.

Goranaet al. [25] modeled forces on a single abrasive particle in AFF. They mea-
sured radial, axial forces, active grain density and indentation depth experimentally
and compared it with the result produced by the model. They reported that (a) radial,
axial forces, and active grain density have a significant impact on deformation of
materials; (b) rubbing and plough mode of deformation observed. The same author
[26] developed an analytical model that simulate surface roughness by changing
abrasive concentration, abrasive size, and extrusion pressure. They reported that
increasing extrusion pressure and concentration of abrasive particle increases active
grain density which decreases surface roughness.

Jain et al. [10] optimize process parameters of AFF using genetic algorithm for
cylindrical surface and developed an optimizationmodel for surface roughness. They
found close agreement between predicted and experimental results and validated
developed surface roughness model by the experimental result of Jain and Adsul
[11].

Wan et al. [27] developed a FEM simulation using a zero-order semi-mechanistic
approach to evaluate surface roughness in two-way AFF. They reported that (a) zero-
order methodology is advantageous to predict surface roughness; and (b) increasing
extrusion pressure and finishing time increases surface finish.

Singh et al. [28] studied the theoretical model of AFF for change in surface
roughness with respect variation in process parameters of AFF and developed the
FEMmodel to predict finishing forces. Simulation on finishing forces used to predict
radial forces. They concluded that (a) increasing extrusion pressure causes increase
in finishing forces which increases surface finish; (b) 10% error among predicted
and experimental result of surface finish found at extrusion pressure of 5 MPa; (c)
increasing number of cycle decreases surface roughness; (d) both predicted and
minimum experimental value of surface roughness was 0.238 µm at 800 number of
cycle; and (e) increasing weight percentage of mixing oil decreases change in SR.

Wei et al. [29] proposed aMRmodel in terms of change in profile height andmass
based on combined single abrasive and statistical active abrasive particle. They con-
cluded that (a) MR model is related to the finish medium and material of workpiece;
and (b) difference between the experimental results and theoretical results was 6.9%
and 6.4% respectively.

Lv et al. [30] developed a model using the finite element method (FEM) and
smoothed particle hydrodynamics (SPH) to investigate the erosion mechanism of
aluminum nitride material subjected to abrasion. They observed that (a) radial and
lateral crackswere the damagemechanisms inmaterial and it is due to oblique impact
of abrasive particle; (b) depth of indentation increases with increase of velocity of
impact and angle of incident; (c) contact time of abrasive with workpiece increases
with impact velocity and decreases with impact angle; and (d) increase in impact
angle increases restitution coefficient of particle velocity.

Shao and Cheng [31] integrated micro-cutting mechanics modeling (MCMM)
with the Monte Carlo (MC) simulation using computational fluid dynamics (CFD)
approach to predict surface profile, roughness and MR of the integrally bladed rotor
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(IBR) of turbine. They reported that (a) surface profile, roughness andMR influenced
by volume and type of medium. Volume can be easily changed compared to changing
medium, therefore mass production companies required prohibitively higher batch
size before changing medium; and (b) CFD simulation is an effective tool to predict
profile and surface roughness of workpiece using abrasion model.

7.4.2 Advances in Development of Finishing Medium
and Rheological Characterization

AFF medium consists of mixture viscoelastic polymer, abrasive particle, mixing oil
and other additives. AFF medium is a key element to achieve desired surface finish
and material removal because of its capability to accurately erode the chosen areas
ahead its flow length. AFF process performance depends on viscoelastic polymer
used, abrasive size, concentration, mixing oil content, viscosity etc. The viscoelastic
polymer utilized in AFF for finishing operation is a mixture of silicone oil and boric
acid chemically it named as polyboroxilane (PBS). The AFFmediummust able self-
deformable on application of external force, flexible to follow complex passage and
transfer force to abrasive particle for abrasion of work surface which is to be finished.
Hull et al. [32] attempted for rheological characterization of PBS and they reported
(a) PBS as rheotropic and complex time dependent polymer having shear thinning
characteristics at high value of shear rate whereas shear thickening characteristics at
low value of shear rate; and (b) finishing medium with higher shear rate produces
more finishing result compared to medium having low shear rate.

Davies and Fletcher et al. [33] evaluated rheological characteristics of abrasive
medium for low, medium and high viscosity. They reported that (a) increase of
viscosity form low to high result an increased pressure reduction within the fixture
and workpiece as well as decrease in rate temperature rise; (b) pressure drop and
average viscosity decreases as the abrasive concentration increases; and (c) increase
in temperature result an increase in volumetric flow rate and reduction in the viscosity
which decreases surface finish and MR.

Jain et al. [34] investigated the rheological characterization of commercial grade
putty and found a significant effect of medium viscosity on surface finish and MR.
They reported (a) medium viscosity decreases with increased shear rate and wall
shear stress; (b) medium viscosity increases with increase in abrasive concentration,
but when temperature increasesmedium viscosity decreases and (c)material removal
increases and the surface roughness decreases with increase in viscosity.

Wang and Weng et al. [35] attempted to develop a new finishing medium using
vinyl-silicone polymer, SiC abrasive particle and additive. They reported (a) devel-
oped medium was capable to remove recast layer produced by WEDM; and (b)
higher viscosity yield higher improvement surface finish. Wang et al. [36] compared
silicon rubber (P-silicon) with silicon rubber with additives (A-silicon) based on rhe-
ological properties and finishing behavior. They reported that A-type silicone rubber
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having higher viscosity compared to P-type, therefore it finished complex hole easily
compared to P-type silicone rubber having low viscosity.

Kar et al. [37] developed a finishing medium using SIC abrasive particle and
styrene butadiene rubber (SBR) for AFF. They performed compression, hysteresis
losses, tensile and tear testing of developed finishing medium. They stated developed
medium is mechanically and thermally stable and give higher reduction in surface
roughness. The same author [38] also compared performance of butyl rubber and
natural rubber and reported butyl rubber gives higher surface finish compared to
natural rubber.

Rajeshha et al. [39] developed medium which consists SiC as abrasive particles,
natural polymer, and naphthenic oil and reported (a) Increasing concentration of
abrasive and extrusion pressure results in better surface finish and higher MR; (b)
No change inMRwith increase of medium flow rate whereas surface finish increases
with medium flow rate; and (c) Increase in medium viscosity increases surface finish
and MR.

Sankar et al. [40] developed a finishing medium using styrene butadiene poly-
mer, SiC abrasives particle and processing oil and used it for finishing Aluminum
alloy and. They reported (a) developed finishing medium shows shear thinning phe-
nomenon; (b) change in surface roughness increases with increase in viscosity of
medium; (c) increasing in processing oil concentration results in better surface fin-
ish; and (d) change in surface roughness is higher in case of Al alloy/SiCp (10%)
compared to Al alloy and Al alloy/SiCp (15%).

Sankar et al. [41] evaluated the styrene-butadiene based medium which hasSiC
abrasives particle and processing oil. They finished Al alloy, Al alloy/SiC (10%) and
Al alloy/SiC (15%) using developed medium and reported (a) increase in storage
modulus and shear stress, resulting in higher MR; (b) SR increases with increase in
shear stress and attain maximum value than start decreasing due to high radial forces;
and (c) SR increases with decrease in amount of stress relaxation.

Bremerstein et al. [42] examined used and freshmedium consist of PBS, hydrocar-
bon oil, metal soap and SiC abrasive. They reported (a) medium viscosity and elastic
percentage changes due addition swarf and fine abrasive particle; (b) no chemical
alteration in medium properties seen during finishing; (c) continues finishing action
causes blunting of sharp cutting edges and tips of abrasive particle; (d) used finish-
ing medium result 20% poorer surface finish and 30% lesser MR; and (e) process
efficiency reduced due to mixing of swarf and blunting of cutting edges of abrasive
particle which result ploughing mechanism.

7.4.3 Advances in the Development of Hybrid and Derived
Processes of AFF

AFF is very well established process for finishing variety of components but it hav-
ing certain limitation such as (a) prolonged finishing time and less material removal
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rate; (b) non-interchangeability of fixture for finishing mass components; (c) unpre-
dictability of wear of abrasive particle which finishing components; and (d) unable to
visualize component and finishing mechanism while finishing. These inherent lim-
itations overcome by hybridization AFF with other processes, modification of AFF
in form of derived process and both to enhance the performance and productivity.
The brief description of each process presented in following paragraphs.

7.4.3.1 Derived Processes of AFF

In the derived process of AFF some amendments in the existing AFF to improving
its performance by providing rotational motion to workpiece, inserting drill bit in
medium flow path, providing helical passage, movable rotatable mandrel, centrifugal
force to rod and rotating spiral-shaped tool in finishing zone of AFF.

Rotational Abrasive Flow Finishing (R-AFF)

In R-AFF process, a rotational movement is provided to the workpiece contained
fixture and to and fro motion to finishing medium. Combined rotational motion of
workpiece and reciprocation of finishing medium improves surface finish and gives
more material removal. In R-AFF due to rotary motion of work sample, tangential
force (Ft) also act with axial force (Fa) and radial force (Fr) over abrasive particles
contained in finishing medium (Fig. 7.2). These cause more abrasion which gives
higher material removal with less finishing time [43].

Drill Bit Assisted Abrasive Flow Finishing (DBAFF)

Sankar et al. [44] used a helical drill bit in a medium flow path that provides irregular
movement to the abrasives and causes reshuffling of the abrasive medium which
results in higher surface finish and more MR. Figure 7.3 represent working principle
of DBAFF. They used twin slot fixtures which bifurcated the abrasive media while
entering to finishing the workpiece, and at exit, combine again and also assist the
drill bit alignment along the workpiece axis. In this process intermixing of abrasive
depends self-deformability of medium as well as on the extrusion pressure exerted
on drill bit. Combined effect of different flows of abrasive medium, the workpiece-
abrasive contact length increases and, becomes curved from the straight. Therefore,
the number of sheared peaks increased and it results higher material removal.

Sankar et al. [44] reported that (a) as the drill bit diameter increases the surface
finish and the material removal increased; and (b) surface roughness decreases as
abrasive size, drill diameter, and number of cycles increase. Butola et al. [45] reported
that using three start drill bit results in higher metal removal rates compared to two
start drill bit.
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Fig. 7.2 Schematics of a arrangement for rotating workpiece contained fixture in R-AFF process,
b components of the resultant force

Helical Passageway in Abrasive Flow Finishing (HAFF)

Wang et al. [46] placed the helical rod in the finishing zone of AFF to create mul-
tiple flow paths for AFF medium and to deflect the movement of abrasive for cre-
ating tangential force. The addition of tangential force with axial force and radial
force causes improvement in surface roughness and material removal. Figure 7.4
depicts schematic of helical passageway in abrasive flow finishing. They reported
that space between helical edge and workpiece surface was the significant factor to
determine the level of surface roughness in AFF and five-helix passageway augment
the polishing effectiveness more with regard to surface roughness and MR.

Spiral-Rotating Abrasive Flow Finishing (SAFF)

Yuan et al. [47] placed a grinding rod with rotating helical flute by an external
motor in finishing zone to generate a centrifugal force that causes abrasive particles
to impact over work surface frequently and randomly. This spiral-rotating motion
of the abrasive medium with centrifugal force result higher surface finish due to
homogeneous distribution of abrasive particles in the abrasive medium. Figure 7.5
depicts a schematic representation of spiral-rotating abrasive flow finishing. SAFF
is applicable for finishing internal surfaces only. They reported that (a) increasing
the rotation speed increases the tangential velocity of the abrasive particles which
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Fig. 7.3 Schematic of the drill bit assisted abrasive flow finishing

increases active grain density of abrasive particles on workpiece surface which result
higher surface finish; (b) material removal rate higher compared to AFF due to higher
kinetic energy in SAFF; and (c) extrusion pressure acting on abrasive having no effect
on increase of the rotation speed of the helical flute.

Abrasive Flow Finishing with Movable Rotatable Mandrel (AFF-MRM)

Kenda et al. [48] used a movable/rotatable mandrel in the finishing zone of AFF to
increase abrasive medium speed which results in the increase of active grain den-
sity towards work surface and result high surface roughness and efficiency of the
process. Figure 7.6 depicts schematics of abrasive flow finishing with movable rotat-
able mandrel (AFF-MRM). They reported that AFF-MRM capable of controlling the
microgeometry of the product with uniform polished surface and material removal
in less time compared to AFF.
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Fig. 7.4 Schematic of the working principle of helical passageway in abrasive flow finishing

Fig. 7.5 Diagrammatic depiction of spiral-rotating abrasive flow finishing
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Fig. 7.6 Schematics of abrasive flow finishing with movable rotatable mandrel (AFF-MRM)

Centrifugal Assisted Abrasive Flow Finishing (CFA-AFF)

Walia et al. [49] used a rotating rod in AFF finishing region attached with a gearing
system to apply centrifugal force on the abrasive particles towards the direction
normal to the axis of the workpiece. They named this rod as Centrifugal Force
Generator (CFG) rod. The centrifugal force along with axial and radial acting on
abrasive particle causes more impression on work surface which results high surface
finish compared to AFF. They investigated with square, rectangular, triangular and
spline cross-section of CFG rod (Fig. 7.7) and revealed that (a) rectangular shape
of CFG rod result high surface finish compared to square, spline, and triangular
in decreasing order; and (b) Spline shape CFG rod result high material removal
compared to square, rectangular, triangular decreases in decreasing order. Walia
et al. [50] found that CFA-AFF process does not affect the surface micro-layer with
the help of X-ray diffraction (XRD) analysis and optical micrographs.
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Fig. 7.7 Different type of CFG rod and their effect on abrasive particles

7.4.3.2 Hybrid Processes of AFF

Hybrid processes are the combination of two processes in order to produce highly
efficient and more productive components by taking advantage of the worthiness
of the constituent processes or overcome the limitation of constituent processes
[51]. In AFF hybrid processes are developed by combining ultrasonic machining
(USM), magnetic abrasive finishing (MAF), electrochemical machining (ECM) and
magnetorheological finishing (MRF). The detailed descriptions of hybrid processes
of AFF are reported in succeeding paragraphs.

Ultrasonic-Assisted Abrasive Flow Finishing (UA-AFF)

Jones et al. [52] combined ultrasonicmachiningwithAFF for finishing blind dies and
named this process as ultrasonic flow polishing (UFP). They reported that UFP could
finish the surface of the cavity with a very high-quality finish while maintaining the
workpiece dimensional accuracy. In UA-AFF workpiece is subjected to ultrasonic
vibrationwith high-frequency piezo actuator in the perpendicular to theAFFmedium
flow direction which causes the abrasive particle in the abrasive medium to strikes
the workpiece surface at an angle with high velocity [53]. Figure 7.8 shows the
schematic of UAAFF process. Ultrasonic vibration added a radial force (Fr) perpen-
dicular to the direction of abrasive medium flow which assists the abrasive particles
to impinge into the asperities of the workpiece surface.Which results in good surface
finish, high surface finishing and material removal rate in respect of AFF process.
The aggressiveness of abrasive particles depends on the vibration frequency, extru-
sion pressure, medium viscosity, number of cycles, and vibration amplitude. They
also report that increases in the applied vibration frequency and extrusion pressure
increases material removal.
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Fig. 7.8 Schematic representation of UAAFF process

Electrochemical-Aided Abrasive Flow Finishing (ECA2FF)

Brar et al. [54] established ECA2FF process using abrasive laden polymeric elec-
trolytic finishing medium in AFF. They prepared a finishing medium with NaI salt
(molar concentration), silicon based polymer, hydrocarbon gel with Al2O3 abrasive
particle. A unique fixture containing copper rod (cathode) placed in inside cylin-
drical workpiece of brass (anode). Both workpiece and a copper rod placed inside
nylon fixture and connectivity made to them for DC power supply of 0–30. When
prepared finishing medium extruded between workpiece and copper rod it causes
combined machining action due to abrasion by abrasive particle as well as elec-
trolytic action result high surface finish and increased material removal. Figure 7.9
depicts (a) Schematic of electrochemical aided abrasive flow finishing (ECA2FF)
process. (b) Cathode and anode position in ECA2FF process. They reported that (a)
increase in voltage results in increase in MR; and (b) Higher operating voltage result
rough surface.



7 Advances in Abrasive Flow Finishing 165

Fig. 7.9 Schematic of a ECA2FF process, b Cathode and anode position in ECA2FF process
(Source [3] Reprinted with permission from Springer @ 2019)

Magneto Rheological Abrasive Flow Finishing (MRAFF)

This process uses the magnetic force to control the metal removal effectively using
ferromagnetic particles and abrasive particles. This process has better control over
the rheological properties of the abrasive magnetorheological media. Rheological
properties of the abrasive magnetorheological media changes in the presence of a
magnetic field. The viscosity of the abrasive magnetorheological media is strongly
dependent on the strength of the appliedmagnetic field and it can be varied according
to the application and workpiece material to obtain surface finish as desired. The
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Fig. 7.10 Schematic of MRAFF process (Source [3] Reprinted with permission from Springer ©
2019)

MRAFF experimental setup consists of hydraulic cylinders, magneto rheological
abrasive (MRA) fluid containers, electromagnet, and a workpiece fixture as shown
in Fig. 7.10. Kathiresan et al. [55] found that increasing the magnetic field increases
the capability and strength of the ferromagnetic particles chains to retain the abrasive
particles which enhance the control over the metal removal.

Magnetic Field Assisted Abrasive Flow Finishing (MA-AFF)

In this process, a fixture is used, which can also hold the electromagnets. The abra-
sive media composed of magnetic abrasive particles (containing 40% ferromagnetic
ingredient, 40%Al2O3, and 15% Si2O3), a silicone-based polymer, and hydrocarbon
gel. Magnetic field lines pull the abrasive particles towards the workpiece surface.
The magnetic field puts a magnetic pressure on the abrasive media along with extru-
sion pressure. Schematic of magnetic field assisted abrasive flow finishing (MAAFF)
process shown in Fig. 7.11. This process took less time to finishing of workpiece
because it enhances surface finish and MRR, as compared to AFF. Singh et al.
[56] reported the combined effect of low flow rates and high magnetic flux density
produces higher MR in MAAFF than AFF.
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Fig. 7.11 Schematic depiction of MAAFF process

Chemical Abrasive Flow Finishing (CAFF)

In this process, fluid consist of acid and abrasive particles pumped to the inside of a
hollow cylindrical workpiece. The schematic of CAFF process depicted in Fig. 7.12.
The centrifugal pump tankmixer (1) is used for the pumping andmixing of chemicals
and abrasives simultaneously. The valve (3) is used manually to change the fluid flow
direction from the pump towards either the specimen tank (4) or depletion tank (5).
The flow rate ismeasured by the ultrasonic flow sensor (6). The cylindrical workpiece
(7) is placed inside the specimen tank (4). A corrosion-resistant thermocouple (8)
measure the temperature of the fluid inside the feeding tank (2). After completion of
the process, the fluid flows into the depletion tank (5).

Mohammadian et al. [57] developed this process to finish the inside surface of
cylindrical IN625 components which were used in the aerospace industry. They
performed static chemical polishing for 8 h with different chemical solutions and
found 50% HF + 50% HNO3 produce the better surface finish. They used above
chemical solution diluted with water (40 volume% HF, 40 volume% HNO3 and 20
volume% of distilled water) and alumina Al2O3 as abrasive particles size of 420µm.
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Fig. 7.12 Schematic of the setup of the chemical-abrasive flow finishing (Source [57] Reprinted
with permission from Elsevier © 2018)

They found the workpiece required 8 h of static chemical finishing, 3 h of either
chemical or abrasive flow finishing and only 1 h of chemical-abrasive flow finishing.
When the chemical abrasive flow finishing was used, then time was reduced by a
factor of 3 as a replacement of chemical or abrasive flow finishing processes.

The chemical finishing and abrasive flow finishing processes together enhance
the outcomes of the process, such as material removal rate and surface finish. In the
chemical abrasive flow finishing process, a passive layer formation has taken place
at the workpiece surface because of chemical reactions which regularly removed by
abrasive particles. This effect of the chemical solution and abrasive particles together
makes the finishing process more efficient.

7.4.3.3 AFF Based Hybrid and Derived Processes

To enhance the performance of AFF more some hybrid and derived processes are
also combined. The developed hybrid and derived processes of AFF are magne-
torheological abrasive flow finishing with swirling-assisted inlet flow (MRAFF-
SIF), rotational-magnetorheological abrasive flow finishing (R-MRAFF), magneto
assisted spiral abrasive flow finishing (MS-AFF), electrochemical aided centrifugal
force assisted abrasive flow finishing (EC2A2FF), ultrasonic-assisted double-disk
magnetic abrasive flow finishing (UDDMAFF), centrifugal assisted abrasive flow
finishing (CFA-AFF). The detailed working principle are described in below.
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Fig. 7.13 Picture of a R-MRAFF experimental setup; b arrangement of workpiece and magnet
fixture; and c location of theworkpiece andMRPfluid brush inmagnet fixture (Source [58] reprinted
with permission from Elsevier © 2015)

Rotational-Magnetorheological Abrasive Flow Finishing (R-MRAFF)

Das et al. [58] combined rotary abrasive finishing (R-AFF) and magnetorheolog-
ical Abrasive Flow Finishing (MRAFF) by providing rotary motion to MRP fluid
contained inside of workpiece surrounded by the permanent magnet. Schematics of
developed rotational-magnetorheological abrasive flowfinishing (R-MRAFF) shown
in Fig. 7.13. Permanent magnets are placed surrounding to workpiece andMRP fluid
reciprocates inside the workpiece contained fixture. A rotary motion provided to per-
manent magnet which causes superimposition of rotary and reciprocating motion to
MRP fluid. The superimposition of both motion causes centrifugal force with axial
and redial force over MRP fluid contained abrasive particle. Therefore, contact of
abrasive particles increases with workpiece surface which results in better surface
finish than MRAFF.

Nagdeve et al. [59] reported non-uniform surface roughness and material removal
in R-MRAFF due to non-uniform magnetic field. They introduced inverse replica of
femoral surface of workpiece in fixture of R-MRAFF to obtain the uniform surface
finish. This keeps velocity ofMRPfluid constant in finishing region andgives uniform
surface with constant material removal.
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Fig. 7.14 Magneto assisted spiral abrasive flow finishing a screw stop, b screw rotate

Magnetorheological Abrasive Flow Finishing with Swirling-Assisted Inlet
Flow (MRAFF-SIF)

Kheradmand et al. [60] introduced swirling vanes in finishing region to increase
centrifugal force on the abrasive particle which enhances surface finish and material
removal. They reported MRAFF-SIFas energy efficient and economical method to
improve the productivity of MRAFF compared to rotating workpiece as in the case
of R-MRAFF.

Magneto Assisted Spiral Abrasive Flow Finishing (MS-AFF)

In this process the abrasive mediumwas driven upward along the groove of the screw
with the help of rotation of screw as shown in Fig. 7.14. When the abrasive medium
quantity increased at the top side then it starts flow downward to the bottom of the
mold because of the gravity. Chen et al. [61] invented a new type ofmagnetic hot melt
adhesive particles (MHMA)which were transparent and colorless, these particles are
magnetic and coatedwith steel grit. Steel grit is coatedwhen the particle is hot melted
(Fig. 7.15). A very strong magnet is placed around the workpiece to create magnetic
field which attracts the magnetic hot melt adhesive (MHMA) particle with a great
force and these particles force the abrasive particle towards the workpiece surface.
When abrasive particles come into the contact of the workpiece, they start remove the
asperities of the surface and result in the smooth surface of the workpiece. According
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Fig. 7.15 Magnetic hot melt
adhesive particle

toChen et al. [61]magnetic flux density,MHMAparticles concentration, and silicone
oil viscosity are important variables.

Centrifugal Magnetic Force Assisted Abrasive Flow Finishing (CMFA-AFF)

Singh et al. [62] developed centrifugal magnetic force assisted abrasive flow fin-
ishing (CMFA-AFF) using centrifugal force generator (CFG) rod in finishing area
of workpiece surrounded by magnets. They used three-part fixture which contained
CFG rod, workpiece and magnets. The CFG rod inserted inside the workpiece and
finishing medium is passed surrounding to it and special fixture contained magnets
used to apply magnetic The CFG road having mechanism to provide rotary motion
without hindering flow of finishing medium. On application of magnetic field abra-
sive partial moves towards workpiece and CFG rod apply extra centrifugal force over
it which causes higher surface finish and material removal.

Electrochemical Aided Centrifugal Force Assisted Abrasive Flow Finishing
(EC2A2FF)

Vaishya et al. [63] used electrolytic finishing medium in centrifugal assisted abrasive
flow finishing. They developed a nylon fixture which holds a rotating CFG rod of
copper retainer is attached to it. CFG rod placed inside a hollow cylindrical work-
piece with a rotating mechanism. A DC power supply is given to rotating CFG rod
(cathode) and workpiece (anode). A finishing medium consists of electrolytic salts
and abrasives (Al2O3), viscoelastic medium of KI salt (a weak alkali) passed in
between the gap of rotating CFG rod and workpiece. Electrolytic medium causes
electrolytic dissolution of materials and centrifugal force act over abrasive particle.
The electrolytic dissolution causes softening of work surface and centrifugal force
contained abrasive removes more materials from workpiece surface. EC2A2FF is
suitable for finishing of prismatic surfaces.
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7.4.4 Advances in Applications

AFF frequently used for finishing variety of components in areas of automotive,
aerospace, die and mould, energy, fluid power additive manufacturing, medical etc.
Some worth mentioning applications are described below and detailed summary of
AFF applications are presented in Table 7.1.

7.4.4.1 Surface Finishing of Carbon-Carbon Composite

Ravikumar et al. [64] used AFF for finishing carbon-carbon composites (C/Cs) and
found that 32% improvement in surface finish at 150 cycles, an extrusion pressure
of 6 MPa, and media having 70 wt% SiC abrasive particles (mess size of 220) and
12 wt% processing oil.

7.4.4.2 Microscopic Geometry Changes of a Direct-Injection Diesel
Injector Nozzle

Jung et al. [65] used AFF to finish direct-injection diesel injector nozzle and AFF as
efficient way to finish difficult to reach areas of injector nozzle which will enhance
engine performance and emission.

7.4.4.3 Blade Surface Uniformity of Blisk

Fu et al. [66] used AFF for blisk surface aero engine and reported reduction surface
roughness from 0.436 to 0.235µm of blade surface without guide block. The surface
finish of blade surface decreases from 0.513 to 0.141 µm with guide block and tool
marks removed completely.

7.4.4.4 Finishing of a Hip Joint

Subramanian et al. [67] used AFF for finishing of a hip joint made of ASTM grade
Co-Cr alloy. They reported 39 nm surface finish by using AFF technique with ability
of finishing symmetrical object.

7.4.4.5 Nanofinishing of Knee Joint Implant

Kumar et al. [68] evaluate the effect of extrusion pressure and mesh size of abra-
sive particles for finishing knee joint implant by R-MRAFF process. The authors
measured the surface roughness before and after finishing. They obtained nanometer
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Table 7.1 Application summary of AFF and AFF based derived, hybrid, hybrid and derived
processes

Applications Process Workpiece
shape

Material Remarks

Nano finishing of
Surgical
stainless-steeltube
[71]

AFF Cylindrical Stainless steel
(SS-316L)

• The average surface
roughness (Ra) of
48 nm has been
achieved

Polishing of
rectangular
microgroove [72]

AFF Rectangular Copper and stainless
steel (SUS-304)

• Achieved average
surface roughness (Ra)
4.8 nm and 12.7 nm
respectively

Polishing of
diamond-coated
complicated tools
[73]

AFF Diamond-coated
WC–Co milling
cutter

• AFF efficiently finished
and resharpen cutting
edges of the nano-sized
diamond coated milling
cutters without affecting
graphitization and
purity diamond purity

Residual stress
profiles induced [74]

AFF Stainless steel
(15-5PH)

• Compressive stress
induced by AFF

Finishing of T-tube
[75]

AFF T shape Not available • Reported AFF as an
effective method to
improve surface finish
of T pipe

Enhancing the
microgeometry of
laser textured spur
gears [76]

AFF Gear Alloy steel
(20MnCr5)

• Achieved percentage
reduction of 28.49;
40.20; 24.85%;
4.80;69.12; 68.9
respectively in profile
error, lead error, pitch
error, radial runout,
average surface
roughness (Ra) and
maximum surface
roughness (Rmax) by
AFF

Wettability of
machined
biomaterials [77]

AFF Stainless steel
(SS-316L) and
Titanium alloy
(Ti-6Al-4V)

• AFF improved surface
finish and wetting
characteristics which
reduced chances of
bacterial infection in
implants

Bacterial adhesion
study on stainless
steel [78]

MRAFF Plate Stainless steel
(SS-316L)

• Achieved average
surface roughness (Ra)
in range of
10.52–37.4 nm

Finishing of the
mold for
manufacturing
convex gear tooth
[48]

AFFMM Mold for
convex gear
tooth

Heat-treated steel
grade (AISI H11)

• Surface roughness
significantly reduces
with desired concavity

(continued)
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Table 7.1 (continued)

Applications Process Workpiece
shape

Material Remarks

Enhancing the
surface finish, wear
characteristics and
microgeometry of
straight bevel gears
[79]

AFF Gear Alloy steel
(20MnCr5)

• Reported finishing time
and viscosity of
medium having huge
impact on simultaneous
improvement in wear
characteristics, surface
finish and
microgeometry of bevel
gears

Surface finishing of
convergent-divergent
nozzle [80]

AFF Nozzle
(nonlinear
tube)

Aluminum and mild
steel

• Reported 56.14 and
40.55% of reduction in
average surface
roughness value for
aluminum and mild
steel on the convergent
side respectively and
48.07 and 36.63% on
divergent side

Finishing of gear
mold used for
manufacture plastic
gears [81]

AFF Gear Heat-treated tool steel
(AISI H11)

• Reported 89%
reduction in average
surface roughness (Ra)

Deburring of micro
burrs in spring
collets [82]

AFF Spring
collet

Chrome-molybdenum • AFF completely
removed micro burrs
inside spring collets
with improving surface
finish

• SiC abrasive particle
gives higher
improvement compared
to Al2O3 media in
terms of the removal of
the burrs

scale surface roughness (35–78 nm range) at different locations of finished implants.
Figure 7.16 depicts photographs of finished knee joint implants.

7.4.4.6 Finishing of Micro-Hole Fabricated by EDM

Lin et al. [69] manufactured microholes on SUS 304 and Ti-6Al-4V plates by using
electrical dischargemachining (EDM). They reportedAFFprocess could enhance the
dimensional accuracy and roughness of the machined microholes. The recast layers
on the wall of the microhole generated were eliminated by the AFF process, so AFF
is an effectual finishing method for microholes manufactured by EDM, increase the
shape accuracy and reduction of surface roughness.



7 Advances in Abrasive Flow Finishing 175

Fig. 7.16 Photograph of the knee joint a before finishing, b after finishing (Source [68] Reprinted
with permission from Elsevier © 2015)

7.4.4.7 Finishing of Microchannel Through AFF

Tzeng et al. [70] used self-modulating abrasivemediawhich can change viscosity and
fluidity during the process for finishing microchannels. They reveal that the average
roughness of the microchannel was enhanced from 2.42 to 0.99 µm at extrusion
pressure 6.7 MPa. The edge of the microchannel is clearly defined, which has been
subjected to AFF.

They also reported that the viscosity of the abrasive medium decreases with fin-
ishing time. They also revealed that fluidity property of the medium is automatically
adjusted while finishing the microchannels.

7.5 Future Research Work

• Additively manufactured components, shape memory alloy, composites, silicon
carbide, titanium alloys, stellite, superalloy, Kevlar, dyneema and ceramics can
be attempted to finish by AFF.

• Accurate prediction method for optimum AFF process parameters selection for
respective geometry, materials prior to experimental investigation still not estab-
lished besides many research attempts. More research initiatives for development
of accurate modelling and simulation method for optimum selection of process
parameters in AFF required.

• Disposal of used finishing medium and management of waste finishing medium
is still an unexplored area of AFF.

• Research initiatives are required to develop low cost, readily available, non-toxic
and easy to prepare finishing medium.
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• Development of flexible andmulti-utility fixture to finish variety of component are
still not explored. A transparent fixture can be developed to visualize movement
and finishing action abrasive particle which will help to simulate material removal
mechanism.

• Finishing external surfaces of the workpiece such as spur gear, helical gear, bevel
gears, worm and worm wheel by AFF based derived processes can be attempted.

• In the future, precision components produced by advanced precision manufactur-
ing processes will need to be finished by newly developed abrasive flow finishing
processes to maintain their dimensional accuracy and surface integrity.

• There is a need to develop a new abrasive flow finishing technology to finish very
complex components made using additive manufacturing.

7.6 Summary

The following are the summary can be drawn from the advancement in the abrasive
flow finishing process presented in this paper:

• Finishing results produced by AFF is highly influenced by selection abrasive
particle size, concentration, mixing oil, type of polymer, viscosity, fixture design
and selection of proper process parameters. Fixtures design changes according
geometry, shape, size and complexity of workpiece. The finishing result strongly
influenced by selective restrictions provided in the fixture.

• Many research initiatives attempted to optimize process parameters (i.e., abrasive
concentration and size, extrusion pressure, number of cycles, medium viscosity,
etc.) for finishing cylindrical, square, prismatic and rectangular shape and reported
dominant variable in AFF to enhance material removal and surface finish.

• To improve of productivity AFF, many hybrid AFF processes were developed
and investigated. AFF based hybrid processes having some limitations such as
(i) design of fixture to provide ultrasonic vibrating to workpiece at vertical direc-
tion of medium flow in UA-AFF is very critical task; (ii) design of fixture to
power supply workpiece and copper rod for electrochemical action, preparation
of electrolytic finishing medium in ECA2FF is very sophisticated and these pro-
cess having limitation to finish only hollow electrical conductive workpiece; (iii)
Non-uniform and less finishing rate inMRAFF; (iv) MA-AFF yield higher finish-
ing result for non-magnetic workpiece compared magnetic workpiece; (v) CAFF
requiredmasking to prevent surfaces where finishing not desired. Derived process
ofAFF such asR-AFF,DBAFF,HAFF,SAFF,AFF-MRMandCFA-AFF required
complicated design of fixture for various arrangements and these processes are
limited finish internal surface of hollowworkpiece. Hybrid and derived process of
AFF such asR-MRAFF,MRAFF-SIF,MS-AFF,CMFA-AFF, EC2A2FF required
very complicated arrangement in fixture to adopt workpiece, external mechanism
and to pass finishing medium through workpiece without leakage.
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Chapter 8
Magnetic Abrasive Finishing Process

Sachin Singh, Vishal Gupta, and M. R. Sankar

Abstract The demand for high finish with accuracy combined with difficulty to
finish components by conventional methods lead to the growth of advanced finish-
ing processes. Magnetic abrasive finishing process is an advanced finishing process
capable of finishing, deburring and precision chamfering of components. Magnetic
abrasive finishing process can economically achieve nanometre surface finish on flat
and cylindrical workpieces both internal and as well as externally. During magnetic
abrasive finishing process, very low magnitude of finishing forces is applied on the
magnetic abrasive particles to obtain nanometre surface finish. Therefore, it is partic-
ularly useful in finishing brittle materials without developing micro cracks and other
defects. Various researchers modified the process and developed its hybrid variants.
Their prime objective is to make the process more efficient and also capable of finish-
ing micro features. To understand the physics of the process a considerable amount
of work has been carried out in the form of experimental study with few attempts in
the modeling of the magnetic abrasive finishing process.

Keywords Magnetic abrasive finishing · Surface roughness · Modeling · Abrasive
particle
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Abbreviations

v Volume of ferromagnetic particles
χm Magnetic abrasive particles susceptibility
B Magnetic flux density in the working zone
H Magnetic field strength
μr Relative magnetic permeability of pure iron
[C] Derivative ofshape function matrix
μ0 Magnetic permeability in vacuum
w Volumetric ratio of iron in magnetic abrasive particles
n Number of cutting edges of a magnetic abrasive particle taking part in

finishing
N Magnetic abrasives acting in the finishing region
vp Speed of magnetic abrasive particles
C Constant of proportionality
t Machining time
� f Force acting on a cutting edge of magnetic abrasive particle
Hw Workpiece material hardness
θ Half of asperity mean angle of abrasive cutting edges
R0
a Initial surface roughness of the workpiece

Lw Workpiece length
qi Material removed from the 1 cm2 area in the first minute
m Constant (less than 1) depends on the productivity of the MAF process
qmin Minimum removal rate
μr Relative permeability of MAPs
d Diameter of abrasive particle
Dmap Diameter of MAP
Fz Normal magnetic force
lc Length of cell
rtr Indentation projected area radius
R0
max Initial surface roughness (= 2R0

a)
Rtr Radius of track
μ Mean
σ Standard deviation
kw Thermal conductivity of workpiece
{N} Shape function matrix
vb Velocity of abrasive particles
μf Coefficient of workpiece
Rw Energy partition
σ e Effective stress
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ε̇e Effective strain
Vw Volume of material under deformation
Dc Constant
μab Magnetic permeability
μfm Ferromagnetic phase magnetic permeability
Vab Abrasive phase volume fraction
Vfm Ferromagnetic phase volume fraction
V (x, y) Magnetic pole rotation speed
PF Instantaneous magnetic pressure the magnetic force
TS Number of test data
ti Target value
ai FFBP-NN predicted value
Tr Total number of training sample
yi ANFIS output value in training

8.1 Introduction

Magnetic abrasive finishing (MAF) process was developed in East European coun-
tries due to the need for mechanization of the manual finishing of intricately shaped
industrial parts [1]. Finishing is the last operation performed during the components
manufacturing cycle. Surface roughness (Ra) greatly influences the functional prop-
erties such as fatigue, wear and friction of the component. Vibration of the rigid
cutting tool during machining of the difficult to machine material (nickel, cobalt,
titanium-based superalloys, etc.) and formation of cracks during machining of the
brittle materials (ceramics, glasses, etc.) are major shortcomings of the conventional
finishing processes. To achieve the demand of high surface finish with good accuracy
simultaneously to minimize the machining cost with negligible surface defects dur-
ing machining operation lead to the development of advanced finishing processes.
Abrasive flow finishing (AFF), magnetic abrasive finishing (MAF), magnetorheo-
logical finishing (MRF) and magnetorheological abrasive flow finishing (MRAFF)
processes are such recently developed advanced finishing processes. MAF process
combines the magnetization behavior of the ferromagnetic particles (e.g., Fe) and
machining behavior of the abrasive particles (e.g., Al2O3, SiC) to form a flexible
finishing tool. MAF process is mainly used for finishing flat and cylindrical compo-
nents. Material removal rate (MRR) and minimum Ra that can be achieved during
MAF process is approximately 1 µm/min and 5 nm respectively [2]. Also, the low
magnitude of finishing forces developed during the processminimizes the probability
of generating defects such as microcracks during the finishing of brittle materials.
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8.2 Primary Components of the Magnetic Abrasive
Finishing Process

Some of the essential components of the MAF set-up are:

i. Magnets: Permanent or electromagnetmagnets are used for generating themag-
netic field. Magnetic lines of force generated by the magnets act as the finishing
forces during the MAF process. Magnetic field intensity could be controlled in
case of electromagnets by varying current, voltage and number of turns in the
coil.

ii. Ferromagnetic particles: Ferromagnetic particles are required due to theirmag-
netism properties in an external magnetic field. During the MAF process, fer-
romagnetic particles form a flexible magnetic abrasive brush (FMAB) along
the magnetic lines between the north pole and the south pole of the magnets.
The size of the ferromagnetic abrasive particles varies in between 50 µm to
400 µm. Size and type of the ferromagnetic particle influence the magnitude of
the magnetic field density generated during the MAF process.

iii. Abrasive particles: Based on the requirement of theMRR, size of the abrasive
particles are decided which generally lays between 1 µm to 10 µm. Abra-
sive particles can be silicon carbide (SiC), aluminium oxide (Al2O3), boron
nitride, diamond, etc. Choice of the abrasive particles depends on the hardness
of the workpiece to be finished. Ferromagnetic particle and abrasive particles
are together known as magnetic abrasive particles (MAPs) can be of two types
unbonded and bonded. Unbonded MAPs consists of a mechanical mixture of
ferromagnetic particles and abrasive particles. While abrasive particles are held
in ferromagnetic particles matrix formed by sintering or any other process in
bonded MAPs [3].

iv. Lubricant: To enhance the flexibility of the FMAB sometimes lubricant is
incorporated in the mixture of magnetic abrasive particles. Few authors added
abrasive gel to theMAPsmixture. Lubricants increase the stability of the FMAB,
decreases flown of MAPs from the working zone at high rotational speed (RS).

Mainly three types of energy are needed for the formation of FMAB (Fig. 8.1) [4]:

i. Magnetization energy, Wm for magnetizing the MAPs.
ii. Repulsion energy, Wf for countering the Faraday effect due to which there is a

repulsion between MAPs.
iii. Tension energy, Wt for opposing the curved MAPs chains.
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Fig. 8.1 Configurations of magnetic brush under the influence of various energies [4, Licence
number: 4618170731940]

8.3 Types of Magnetic Abrasive Finishing Process

8.3.1 Flat Magnetic Abrasive Finishing Process

Finishing of large size flat workpiece is carried by flat magnetic abrasive finishing
process (FMAF). As shown in Fig. 8.2a during FMAF process workpiece is placed
between the magnet poles. A small gap (1mm –3 mm) is maintained for the FMAB
which is formed as themagnetic field is applied during the FMAF process (Fig. 8.2b).
As the magnetic field is applied ferromagnetic particles orient themselves along the
magnetic lines of force due to dipole interaction. Abrasive particles get embedded
between the ferromagnetic particles forming a finishing tool with random, multiple
cutting edges. Finishing forces are transferred by the ferromagnetic particles to the
abrasive particles for the removal of material during the FMAF process. As shown in
Fig. 8.2c magnetic energies result in imparting the normal magnetic force (Fz) to the
abrasive particles while the mechanical energy due to the rotation of FMAB generate
tangential force (Ft). Fz helps the abrasive particle to indent into the workpiece
surface forming a plastically deformed zone, which is later removed in the form of
microchip due to Ft . Fz is influenced by several factors such as magnetic flux, size,
shape, magnetic property and wt. % of the ferromagnetic particles, and working gap
(WG). While, Ft is mainly influenced by the RS of the magnet.

8.3.2 Cylindrical Magnetic Abrasive Finishing Process

Cylindrical magnetic abrasive finishing (CMAF) process is used for finishing cylin-
drical rollers. As shown in Fig. 8.3a during the CMAF process workpiece (roller)
is held by the spindle chuck between two magnets. Rotary motion is provided to
the workpiece by the spindle, while the axial vibratory motion to the magnetic
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Fig. 8.2 a Schematic of plane magnetic abrasive finishing process, b image showing flexible
magnetic abrasive brush [27, Licence number: 4618201082447], c schematic of abrasive particle
indenting the roughness profile

Fig. 8.3 Schematic showing a cylindrical magnetic abrasive finishing process [1, Licence num-
ber: 4618201342816], b electrolytic magnetic abrasive finishing process [5, Licence number:
4618221231954]
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field is given by oscillating magnetic poles w.r.t. to the workpiece. FMAB acts as a
deformable multi point finishing tool during the CMAF process. Flexibility of the
FMAB can also be increased by adding solid lubricants such as zinc stearate. Thus,
a finely finished surface on the workpiece is generated after the CMAF process.

8.3.3 Hybrid Magnetic Abrasive Finishing Process

To achieve high quality surface finish in combination with high efficiency several
researchers tried to develop various hybrid MAF process. Their primary objective
is to combine the advantages of the constituting processes and eliminating their
disadvantages. It is found from the experimental studies hybrid MAF processes
performed better than the MAF process. Some of the major MAF variants developed
in literature are described in the following section.

8.3.4 Electrolytic Magnetic Abrasive Finishing Process

CMAF process finishing efficiency is enhanced by Yan et al. [5] by proposing the
electrolytic magnetic abrasive finishing process (EMAF). Authors integrated the
electrolyte supply system with the CMAF process set-up (Fig. 8.3b). During the
finishing operation electrolyte fills the space between the workpiece and the elec-
trode. Workpiece and electrode are connected to the anode and cathode of the DC
power supply respectively. The dual action of electrolysis in combination with mag-
netic field results in accelerating the MRR and obtaining a superior finished surface
compared with the MAF process. Taweel [6] employed the EMAF process for fin-
ishing 6061 Al/Al2O3 composite. Authors concluded that due to Lorentz force on
the electrolytic ions, magnetic field lowers the electrolyte electric resistance. Thus,
increasing current density which enhancesMRR. Nickel-based superalloy is finished
by Du et al. [7] with the help of EMAF process. During the EMAF process, care
should be taken in matching the relationship between the electric field intensity and
magnetic intensity. If electric field intensity is more, than the passive film is not com-
pletely removed by the abrasives. If magnetic field is more than the passive film is
very thin and the role of electrolysis is not fully played. An uncontrolled electrolyte
supply during finishing can cause surface defects such as pitting, sags and crests that
can deteriorate the surface finish.

8.3.5 Vibration-Assisted Magnetic Abrasive Finishing

Few authors developed vibration assisted magnetic abrasive finishing process
(VMAF) for enhancing the performance of the MAF process. As shown in Fig. 8.4a
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Fig. 8.4 Schematic of a vibration-assisted magnetic abrasive finishing process [10, Licence
number: 4618240386941], b vibration assisted cylindrical–magnetic abrasive finishing process

during the VMAF process vibrations are given to the flat workpiece. Vibrations not
only promote the abrasives relativemotion but also cause themagnetic field to behave
as dynamic. Thus, the magnitude of finishing forces generated during VMAF pro-
cess is higher in comparison with MAF process. Natsume et al. [8] provided only the
horizontal (X direction) vibration during the finishing by the MAF process. While
Yin and Shinmura [9] modified the MAF process by providing vertical (Z direction)
vibration with the help of a motorized cam system. Authors showed that devel-
oped set-up is particularly useful for deburring operation in addition to the efficient
finishing of the workpiece. Later, authors [10] added horizontal and vertical vibra-
tion to obtain mixed mode (XZ direction) vibration of the working table. Authors
showed experimentally that the developed set-up is particularly useful in nano fin-
ishing micro-curved surfaces of components. Authors [11] also provided vibrations
in both the axis of the horizontal plane i.e., X and Y direction during finishing of
the SS flat workpiece by VMAF process. Authors found the optimal combination
of input parameters as 1 mm WG, weight of SiC: steel particles: machining fluid as
1:1.5:3, 16.67 Hz frequency of vibration, 500 rpm RS of magnet.

Judal et al. [12] developed a vibration assisted cylindrical–magnetic abrasive
finishing (VAC–MAF) process for finishing cylindrical workpieces. As shown in
Fig. 8.4b high speed lathe machine is modified into VAC–MAF process set-up. In
combination with the rotating the workpiece, authors employed a vibration mecha-
nism to vibrate the magnetic poles. Electromagnet arrangement is mounted on the
slide unit. Such vibrations help in replenishing the worn out abrasive particles with
the new ones during the finishing process. Hence, increasing �Ra and MRR during
the VAC–MAF by 150 % and 100 % compared to the MAF process.

MAF process enjoys numerous advantages some of the features that provides
MAF processes an edge over the other finishing process are:

(i) MAF process is economic as it doesn’t require costly machines and tooling.
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(ii) Finishing tool i.e., FMABemployed during theMAFprocess is self-sharpening
and self-adaptable.Also, tool neither requires compensationnor dressing.Thus,
increasing the productivity.

(iii) MAF process can successfully finish brittle materials such as ceramics and
glass without inducing defects on their surfaces.

(iv) The magnitude of finishing forces generated during the MAF process can be
controlled easily.

8.4 Experimental Investigation

Shinmura et al. [13] improved the finishing efficiency of the MAF process by devel-
oping a set-up that generates dynamic magnetic field during the MAF experiments.
Authors found out that the finishing performance of theMAF process improves when
time varying magnetic field is used in combination with the static magnetic field.
Fox et al. [3] finished steel rollers to a Ra of 7.6 nm. Authors studied the effect of
various MAF input parameter viz. bonded and unbonded magnetic abrasive parti-
cles, magnetic flux density, wt. % of lubricant, and axial vibration of the magnetic
field on the Ra of the workpiece. Authors [14, 15] developed the MAF process for
internally finishing straight pipes that are commonly found in the gas piping system.
As the magnetic field is produced by the electromagnet, magnetic abrasive particles
and iron abrasive particles conglomerate on the inner tube surface (Fig. 8.5a). As
the tube rotates the relative motion between the tube inner surface and the abrasive
achieve finished inner surface. Authors [15] achieved a minimum Ra of 0.2 µm in
the least time by using 330 µm mean diameter iron particles, 50 µm mean diameter
abrasive particles with 50 wt. % of each constituent in the mixture. Later, authors
[16] developed the MAF set-up for finishing straight as well as bent pipes. As shown
in Fig. 8.5b finishing unit consists of magnets that are connected to the arm of a 5
axis robot. The robot moves the finishing unit along the axis of the tube, maintaining
a constant gap between the tube surface and the magnets. This helps in achieving
nearly uniform Ra along the length of the bent tube. Yamaguchi and Shinmura [17]
internally finished alumina ceramic tubes and achieved the minimum Ra of 0.02µm.
Authors also showed that MAF process produces a negligible effect on the resid-
ual stress of the finished surface. Yamaguchi et al. [19] extended the application of
the MAF process by successfully finishing SS304 capillary tubes with the internal
diameter of 800 µm and 400 µm. Authors developed a workpiece rotation system
(Fig. 8.5c). Amount of the MAPs and magnitude of the magnetic field largely deter-
minesMAPs performance. Authors observed that in the workpiece region with weak
magnetic field MAPs shows unstable behavior. Therefore, the developed system is
not suitable for finishing long tubes due to the restrictions of the pole tip dimensions
that result in weakmagnetic forces in far off regions. Therefore, authors [18, 19] later
developed amulti pole tipMAF set-up for finishing long capillary tubes. As shown in
Fig. 8.5d multi pole tip system extends the finishing region along the axial direction
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Fig. 8.5 Schematic showing a internal finishing of tube [14, Licence number: 4618250400487],
b pole arrangement for finishing bend tube, c single pole-tip system [19, Licence number:
4618250561543], d multi pole-tip system [19, Licence number: 4618250561543]

of the tube. To further reduce the finishing time authors [20] modified the set-up by
incorporating high speed (upto 30,000 rpm) spindle. It is necessary to continuously
inject lubricant to reduce the adherence of the finishing medium with the workpiece
surface at high RS.

Workpiece surface texture generated during the MAF process is studied by Yam-
aguchi and Shinmura [14]. Workpiece surface showed the dominant micro-scratches
from the abrasive cutting edges. Authors reported that surface improvement during
the MAF process takes place due to the material removal (MR) by the abrasive not
only from the roughness peaks but valleys as well. Authors [21] showed that fin-
ishing performance of the abrasive particle is primarily dependent on the magnetic
force and the friction force between the abrasive particle and the workpiece surface.
Friction force greater than magnetic force eliminates the relative motion and there
is no improvement in surface finish. Effect of MAF process input parameters (RS,
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WG) on the output responses (MR, Ra) is reported by Jain et al. [22]. Authors exper-
imentally found out that MR decreases with the increase in WG. Also, Ra improves
with the increase in workpiece RS. Chang et al. [23] showed that employing harder
ferromagnetic particles improves the MAF process finishing efficiency. Also, the
size of the abrasive particle should be kept in a limit such that it doesn’t make deep
scratch marks on the workpiece surface. Abrasive particle bigger in size gives high
MR but deteriorates the surface finish.

Singh et al. [24] carried out the detailed parametric study of the MAF process.
Authors arranged voltage >WG> size of the abrasive particles >RS of the workpiece
in significant order of their influence on the percentage change in surface rough-
ness (% �Ra) of the workpiece. Best % �Ra is obtained by performing the MAF
experiments at the voltage of 11.5 V, 1.25 mmWG, 180 rpm RS and #1200 abrasive
particles. Yan et al. [25] demonstrated the capability of the MAF process by finish-
ing tool steel workpiece machined by using electrical discharge machining (EDM)
process. EDM process generates workpiece with a high amount of hard recast layer
and cracks, thus resulting in a surface with high roughness. Authors reported that
MAF process not only removed hard recast layer from the machined surface but also
achieved a mirror like finished surface with the best surface finish of 0.04 µm (Ra).
Authors achieved the minimum Ra by performing MAF experiments at 1 mm WG,
3 µm average SiC abrasive size, 320 µm average steel abrasive sizes, 0.75 T mag-
netic flux density, 0.6 m/s RS of the workpiece and 5 Hz is the vibration frequency
of the workpiece.

Wang and Hu [26] found out that MAPs having mesh size between #30 and #50
results in maximum MRR. Although bigger size MAPs produces large magnetic
force but the number of cutting edges taking part in shearing the roughness peaks
decreases compared to the smaller sizeMAPs. Therefore,MRR decreases beyond the
threshold MAPs size. Authors also demonstrated the effect of adding the finishing
fluid (transformer oil) to the MAPs on the MRR. In case of dry finishing, MRR is
decided by the workpiece material machinability. However, in case of adding fin-
ishing fluid chemical reaction at the workpiece surface interface and the finishing
fluid is the critical factor influencing the MRR. Also, MRR increases by adding fin-
ishing liquid to the MAPs. Singh et al. [27] studied microscopic changes taking
place in surface texture during the MAF process. Authors studied the wear pattern
produced on the workpiece surface after finishing. The initial workpiece is prepared
by performing the grinding operation. Therefore, grinding marks, pits and digs are
visible in Fig. 8.6a. The final surface obtained after finishing contains circular lay
due to the rotation of FMABwith sharp shearing marks (Fig. 8.6b). Thus, confirming
that surface roughness peaks during MAF process is removed by micro-cutting and
scratching. Sometimes, non-uniform magnetic field results in localized deep inden-
tations of the abrasives or forming micro scratches with a width of less than 0.5 µm.
Pashmforoush and Rahimi [28] showed that the mode of surface roughness peaks
removal during processing of brittle materials can be micro cutting or micro fracture.
Mode of material removal depends on the values of input parameters used for finish-
ing. Material removal through micro cutting results in smoother surface compared to
the surface obtained by micro fracture mechanism. Authors obtained a minimum Ra
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Fig. 8.6 Scan electron microscope images showing workpiece surface a initial after grinding,
b finished (0.75 A current, 1.75 mmWG, #800 of abrasive particle and 9 no. of cycles) [27, Licence
number: 4618201082447]

of 23 nm. Ra during finishing of brittle material is primarily influenced by abrasive
mesh size.

Authors [29] carried out the detailed experimental study of the MAF process
during finishing of steel (AISI 52100) workpiece. The developed regression eqn. of
�Ra is given as [29]:

�Ra = −674 + 5.48d1 + 0.0628d2 + 115d3 + 15.8d4 − 0.000018d2
2 − 0.976d1d3

− 0.00203d2d4 − 2.41d3d4 (8.1)

where, d1, d2, d3 and d4 are the voltage, abrasive size, electromagnet rpm, and wt. %
of abrasive particles, respectively. �Ra is highly affected by abrasive size followed
by their wt. %, electromagnet rpm and voltage. It is the magnetic force that decides
the level of surface finish on the workpiece. Singh et al. [30] experimentally studied
finishing forces generated during theMAF process. Authors planned the experiments
using central composite rotatable design (CCRD)method. Regression equations after
neglecting insignificant terms for normal magnetic force (Fm), tangential force (Ft)
and change in surface roughness (�Ra) is given as [30]:

Fm = 48.0 + 12.0X1 − 7.22X2 + 6.38X3 + 3.48X2
1 + 2.51X2

3 + 4.03X3X4

(8.2)

Ft = 35.1 + 6.27X1 − 6.05X2 − 2.45X4 − 1.04X2
4 (8.3)

�Ra = 0.220 + 0.0250X1 − 0.0392X2 + 0.0175X4 − 0.0250X1X2 − 0.0212X2X3

(8.4)

where, X1, X2, X3, X4 and X5 are the coded level values for current to the coil of
electromagnet, WG, lubricant, RS of magnet and finishing time respectively. It was
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concluded that current and working are the most dominating MAF input parameters
that affects the output responses. Authors also established relationship between Fm,
Ft and �Ra as [30]:

�Ra = (0.0200566)(Fm)0.583 (8.5)

�Ra = (0.008742)(Ft )
0.885 (8.6)

Lin et al. [31] finished SS 304 workpiece with the MAF process. Authors found
out that 2.5 mmWG, 10 mm/min feed rate and 2 g of MAPs in the lubricant give the
optimum surface finish. Girma et al. [32] concluded that bigger size MAPs are ben-
eficial during finishing flat surfaces while smaller size MAPs provide better surface
finish in case of cylindrical surfaces. Authors showed that using iron particle size
1.5–2 times the abrasive particle during MAF finishing provides best Ra. Authors
[33] carried out the micro deburring and surface roughness improvement simultane-
ously on 0.1 mm diameter holes by the MAF process. In addition to the commonly
studied MAF input parameters, the authors observed the role of coolant during the
MAF process. Continuous supply of coolant provided better Ra compared to its use
periodically. However,Ra obtained in both cases is better than theMAF process with-
out coolant. Use of coolant during the MAF process decreases the adhesion of the
finishing powder, which is responsible for the severe deterioration of surface finish.
Kim and Kwak [34] enhanced the performance of the MAF process by installing a
neodymium permanent magnet at the opposite face of the workpiece side (Fig. 8.7a).
This results in a 30% increase of magnetic flux density which in turn increases the
magnitude of finishing forces.

Im et al. [35] carried out the processing of 3 mm diameter steel rods by employing
diamond abrasives. Authors got the best Ra and roundness as 0.06 µm and 0.12 µm
respectively by using 1 µm diameter diamond abrasive paste as finishing medium.

Fig. 8.7 Magnetic abrasive finishing process set-up developed for finishing a nonferrous mate-
rials [34, Licence number: 4618250788601], b large sheet of workpiece [38, Licence number:
4618250961826]
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One of the shortcomings of the MAF process is flown away of the MAPs from the
finishing region with a low magnitude of the magnetic force or at high RS. This
hampers the efficiency of the MAF process. Intending to eliminate the above disad-
vantageWang and Lee [36] developedmagnetic finishing with gel abrasive (MFGA).
Authorsmixed ferromagnetic particles and the abrasives particles in the polymer (sil-
icone) gel. Silicone gel not only prevents the flown of the abrasive particles but also
resists the collapse of the magnetic brush. As a result, the reduction in Ra during
the MFGA process is 3 times more as compared to the MAF process. Also, the
authors demonstrated that the developed finishing medium possesses excellent recy-
cling capability. Later, authors [37] carried out the experimental study of the MFGA
process for finding the optimal combination of input parameters to give minimum
Ra. Authors concluded that carrying out finishing with an abrasive gel containing
harder abrasive particles, bigger in size and high concentration for a longer time pro-
motes the finishing capability of MFGA process. Givi et al. [38] employed the MAF
process for finishing of the aluminium sheets. Authors modified the MAF setup in
such a way that the workpiece is in between the magnetic poles and FMAB brush
(Fig. 8.7b). This arrangement compresses the abrasives into the workpiece surface
rather than the magnetic poles which occur during the normalMAF process. Number
of cycles of the workpiece across the FMAB brush andWG are the most influencing
parameters. Regression eqn. for �Ra as found out by the authors is [38]:

�Ra = 0.183 − 0.0238e1 + 0.000073e2 + 0.0104e3 + 0.00525e4 (8.7)

where, e1, e2, e3 and e4 are the values for WG, RS of the magnet, wt. of MAPs
and number of cycles respectively. Maximum �Ra of 0.267 µm is achieved by
performing MAF experiments at 1.5 mm WG, 300 rpm, 2 g of MAPs and 6 cycles.
Amineh et al. [39] machined aluminium alloy cylindrical workpiece by using wire
electrical discharge machining (WEDM) process, later finished the same by MAF
process. Due to the inherent characteristic of the WEDM process, it results in the
generation of workpiece surface with hard recast layer. MAF process successfully
removed the recast layer without generating any microcracks. The relation between
�Ra, recast layer removal, RL and process input parameters are given as [39]:

�Ra = 1.97 + 0.897 f1 + 0.045873 f2 − 0.224 f3 − 0.0112 f4 (8.8)

RL = 10.2 + 14.7 f1 + 0.380 f2 − 2.83 f3 − 0.0765 f4 (8.9)

where, f 1, f 2, f 3 and f 4 are the values for linear speed of workpiece, time, WG and
mesh size respectively. Recast layer removal and improvement in surface finish are
highly influenced by the abrasive size, linear speed followed by time and WG.

Cutting life of the tool employed duringmachining operation is also influenced by
its surface finish. Authors [40] achieved a Ra of 25 nm on rake and nose while Ra of
less than 50 nm on flank face of the tool. During turning of Ti64 alloy rods a finished
tool enjoys twice the cutting life when compared to the unfinished tool. MAF process
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can also finish coated tools with minimal coating reduction [41]. Authors concluded
that the use of small sized abrasive particles enhances the flexibility of the FMAB
which helps the FMAB to deform properly along the tool surface. Magnetic force
during the MAF process is affected by the permeability of MAPs, μm and is given
as [41]:

μm = μ f mμab

μabV f m + μ f mVab
(8.10)

With an increase in the volume of abrasive particles, cutting edges of the MAPs
increases but the permeability of MAPs given by Eq. 8.10 decreases and hence mag-
netic forces decline. Therefore, a proper balance is maintained between the volume
fraction of the abrasive particles and ferromagnetic particles. Also, experimentally
it is demonstrated that sintered MAPs finishing performance is better compared to
the simply mixed MAPs [42].

Microscopic study of the finished workpiece surface is also carried out by Mulik
and Pandey [43]. Authors carried out the finishing of the workpiece by using ultra-
sonic vibration assisted MAF (UAMAF) process. Authors provided the ultrasonic
vibration of 5–12 µm amplitude to the workpiece. It is concluded by conducting
XRD analysis that SiC abrasive particles are induced in the steel workpiece during
the UAMAF process. This increases the microhardness of the workpiece from 730 to
960 HV. Extending their work further, authors [44] carried out the parametric study
for finishing of steel (AISI 52100) workpiece by UAMAF process. Authors studied
the role of ultrasonic vibrations pulse time in addition to the above mentioned input
parameters. Machining marks that are not completely removed by the MAF process
were successfully removed by UAMAF process. To demonstrate the finishing capa-
bility of UAMAF process authors compared the % �Ra obtained on the workpiece
surface by MAF and UAMAF process (Table 8.1).

Mulik and Pandey [45] also modeled the normal finishing force, Fm and finishing
torque, Tm generated during the UAMAF process. Magnitude of voltage and WG

Table 8.1 Comparative study of change in surface roughness obtained by MAF and UAMAF
process [44]

Process parameters Process % �Ra *Improvement ratio of UAMAF
w.r.t. �Ra improvement in MAF
(%)

V Mesh rpm wt. % Ton

70 400 280 25 3 MAF
UAMAF

43.99
56.13

27.60

70 800 280 25 3 MAF
UAMAF

43.44
78.61

80.96

80 600 224 20 2 MAF
UAMAF

24.34
54.49

123.87

90 800 280 25 3 MAF
UAMAF

22.46
45.41

102.18
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are the most significant factors influencing forces. Parametric eqn. of Fm and Tm as
found out by the authors are [45]:

Fm = 14.8 + 0.0495g1 − 0.814g2 + 0.0597g3 − 0.774g4 + 0.196g5 (8.11)

Tm = 10.50 + 0.0718g1 − 1.22g2 + 0.0564g3 − 1.04g4 + 0.267g5 (8.12)

where, g1, g2, g3, g4 and g5 are the values for voltage, rotation of electromagnet,
wt.% of abrasive particles, finishing time, and pulse-on-time of ultrasonic vibrations.
Harder the workpiece material smaller is the MRR of the MAF process. To address
such issues Sihag et al. [46] developed chemical assisted MAF (CMAF) process and
carried out the finishing of tungsten workpiece. During the CMAF process chemical
slurry is used in addition with normal MAF process. Oxidizing agent in chemical
slurry helps in the formation of an oxide layer on the workpiece which is easily
sheared by the FMAB. Zhou et al. [47] showed that UAMAF process not only
successfully removed the milling textured marks from the titanium workpiece but
also induced residual compressive stress of 20 MPa. Finishing efficiency of the
UAMAFprocess is 40%higher than theMAFprocess during finishing of the titanium
workpiece. This is because, instantaneous pressure,P0 due to the ultrasonic vibration
adds in the rate of material removal, R(x, y) by UAMAF process which is given as
[47]:

R(x, y) = k(PF + P0)V (x, y) (8.13)

Conventional MAF process suffers few major shortcomings such as the limited
movement of abrasive under static magnetic field, non-uniform distribution of the
MAPs that result in non-uniform surface finish. To address such issues authors [48]
proposed theMAFprocesswith low frequency alternatingmagnetic field.Alternating
magnetic forces not only promotes the uniform dispersion of the MAPs but also
enhance the stirring of the MAPs. Such advantages will promote the stability of
the finishing tool during the MAF process. With the modified MAF process authors
achieved a Ra of 4.38 nm from an initial Ra of 240.24 nm on SS plates.

8.5 Theoretical and Numerical Investigation

Shinmura et al. [1] did theoretical formulation for predicting the magnetic force
generated on an abrasive in the magnetic field. Authors expressed the magnetic force
Fx and Fy acting along x and y direction on an magnetic abrasive particle at position
“A” shown in Fig. 8.8 as [1]:

Fx = χmvH

(
dH

dx

)
, Fy = χmvH

(
dH

dy

)
(8.14)
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Fig. 8.8 Magnetic field distribution on a magnetic abrasive particle in magnetic field [1, License
number: 4618201342816]

Also, by assuming shape of the magnetic abrasives as spherical, machining
pressure between abrasive and the workpiece, P is [1]:

P = 3πB2w

4μ0

(
(μr − 1)

3(μr + 2) + π(μr − 1)w

)
(8.15)

To avoid over finishing during the MAF process, authors [49] proposed a numer-
ical model which predicts Ra as a function of time. Authors assumed uniform dis-
tribution of triangular initial surface roughness profile on the workpiece (Fig. 8.9a).

Fig. 8.9 a simplified surface geometry, b normal magnetic force variation along the length of the
tool
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Material removal, MR and final surface roughness R f
a can be given as [49]:

MR =
(
C

nN� f vpt

Hwπ tan θLw

) 1
4 (
R0
a

)− 1
4 (8.16)

R f
a = R0

a − C
1
4
(
R0
a

)−1/8
(Lw)−5/4

(
nN� f vpt

HwπLw tan θ

) 1
4

(8.17)

Jayswal et al. [50] simulated the magnetic flux density generated during the MAF
process. Authors compared the simulated results with the experimentally measured
magnetic flux density and both are in good agreement with each other. During the
experiments the slotted electromagnet is used and its effect on surface quality is
studied. It is reported that the magnitude of the normal finishing forces generated
during the MAF process increases towards the centre of the electromagnet with
slot (Fig. 8.9b). Thus, the use of slotted electromagnet adds advantage to the MAF
process. Baron et al. [51] developed the VMAF set-up for removing burrs from the
edges of the drilled hole. MAF process not only successfully removed the burrs but
also provided radiusing to the edges. Authors developed a theoretical equation for
material removal, q in time, t as [51]:

q = qi t
m (8.18)

Also, the tool life, T of the MAPs can be given as [51]:

T = 1−m

√
m

qi
qmin

(8.19)

To reduce the experimental expenses, Jayswal et al. [52, 53] carried out the numer-
ical study of the MAF process. Firstly, the authors developed a numerical model to
predict the distribution of magnetic force using finite element (FE) model. Later,
using the simulated values of the magnetic force as input, the theoretical model is
proposed that predicts Ra as a function of flux density,WG, abrasive size and number
of electromagnet slot. To reduce the computational expenses authors [52] developed
the axisymmetric FE model of the process. After some simplified assumptions gov-
erning equation of the MAF process by considering magnetic potential, φ as the
primary variable in cylindrical coordinates (r and z) is given as [52]:

1

r

∂

∂r

[
rμr

∂φ

∂r

]
+ ∂

∂z

[
μr

∂φ

∂z

]
= 0 (8.20)

Using Galerkin’s method with suitable boundary conditions to differential
Eq. 8.20, global set of equations is obtained in the following from [52]:

[K ]{φ} = 0 (8.21)
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where global coefficient matrix, [K ] is obtained by summing elemental matrix, [K ]e

[52]:

[K ] =
∑

[K ]e (8.22)

[K ]e =
∫

e

μr [C]eT[C]e2πr dr dz (8.23)

Authors considered the surface roughness profile uniform with triangular nature.
Also, to simplify the model workpiece surface is decomposed in small square
(Fig. 8.10a). MAPs are assumed to be arranged in circular tracks in FMAB as shown
in Fig. 8.10b.

Surface roughness, Rn
max(i, j) after ‘n’th revolution in a cell (i, j), during the MAF

process is given as [52]:

Magnetic brush 
position 1

Magnetic brush 
position 2

Workpiece

Path for 
intermittent motion

Magnetic 
abrasive particle 

Circular 
tracks hs

d/2

Ap

(b) (c)

(a)

Fig. 8.10 Schematic showing a movement of tool along y-direction [52, License number:
4618251432167],b circular tracks formed during themagnetic abrasive finishing process, c abrasive
particle depth of penetration and area of penetration [52, License number: 4618200104090]
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Rn
max(i, j) = R0

max −
((

R0
max − R(n−1)

max(i, j)

)2 +
(

�V n
(i, j)R

0
maxDmap

πrtr lc Rtr na

))1/2

(8.24)

where, volume of material removed in nth revolution, �V n
(i, j) is given as [52]:

�V n
(i, j) = 2Ap(tr)hsn(tr)lcπR(tr)na

R0
maxDmap

(8.25)

Also, as shown in Fig. 8.10c depth of indentation of theMAPs, hsn(tr) and projected
area, Ap(tr) in nth revolution in trth track is given as [52]:

hsn(tr) = d

2
−

√(
d

2

)2

− Fz

Hw π
(8.26)

Ap(tr) = (d)2

4

[
cos−1

(
1 − 2hsn(tr)

d

)]
−

((
d

2
− hsn(tr)

)√
hsn(tr)

(
d − hsn(tr)

))

(8.27)

Further, to predict Ra more accurately at various MAF input conditions, authors
[54] modified their previously developed Ra model. Authors considered the surface
roughness profile following the Gaussian distribution. Considering f (x) as value for
surface profile ordinate at position x, roughness is generated as [54]:

f (x) = 1

σ
√
2π

exp

[
−1

2

(
x − μ

σ

)2
]

(8.28)

Kumar and Yadav [55] developed FE model to predict the temperature generated
during the MAF process. Authors concluded that magnetic pressure and the rpm of
the FMAB should be carefully chosen to avoid high rise in temperature during the
MAF process. Governing equation for 2-D axisymmetric steady state temperature
distribution is [55]:

kw

{
1

r

∂

∂r

(
r
∂T

∂r

)
+ ∂

∂z

(
∂T

∂z

)}
= 0 (8.29)

Elemental eqn. by using Galerkin’s method is [55]:

[Kt ]
e{t}e = { f }e (8.30)

where, elemental coefficient matrix, [Kt ] and right-side force vector, { f } is given as
[55]:
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[Kt ]
e = kw

∫
De

[C]eT [C]erdrdz (8.31)

{ f }e =
∫
S

{N }T qwrdS (8.32)

Also, heat flux entering into the workpiece, qw is [55]:

qw = Rw × P × μ f × vb (8.33)

Authors [56] also simulated the temperature generated at the interface of the
FMAB and the workpiece using the FE based ANSYS software. Predicted temper-
ature range lay in between 34 °C and 51 °C which might not hamper the finishing
efficiency of FMAB brush. Authors compared the simulated temperature results with
the experimentally measured values and are found in good agreement. Finishing of
para/diamagnetic material workpiece is difficult by the MAF process due to the low
magnetic field. Kala and Pandey [57] developed double disc magnetic abrasive fin-
ishing (DDMAF) process for increasing the magnetic field, hence finishing forces
during the processing of para/diamagnetic material workpiece. DDMAF process set-
up consists of electromagnet arrangement on both sides of the workpiece. Authors
showed by performing the simulation that magnetic flux density in the case of a
single electromagnet is mostly concentrated inside the electromagnet (Fig. 8.11a).
While in case of double magnet it is uniformly distributed across electromagnet, WG
and workpiece (Fig. 8.11b). Experimental study showed that WG is the significant
parameter during finishing of hard materials like stainless steel. While finishing of
soft material like copper is dominated by the RS.

Later, extending their work further authors developed a tool for internally finish-
ing tubes with an internal diameter less than 80mm. Authors carried out a simulation

Fig. 8.11 Simulation results showing magnetic flux density for a single electromagnet, b double
electromagnet [57, License number: 4618260129213]
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study on the magnetic field produced by the designed tool using the Maxwell soft-
ware. The tool is designed to produce a high magnetic field in the WG. Authors also
carried out the detailed experimental study with the developed tool and given the
parametric eqn. for % �Ra as [58]:

%�Ra = −49 + 0.201h1 − 83.0h2 + 3.3h3 + 0.0796h4 − 0.000236h21 + 72.2h22
+ 0.107h1h2 − 0.00286h1h3 − 0.00242h3h4 (8.34)

where, h1, h2, h3 and h4 are the values for RS, magnetic flux, wt. % of abrasive
particles and mesh size respectively. Maximum % �Ra of 89.6% is achieved at 0.8
T magnetic flux density, 500 rpm, 20 wt. % of abrasive particles with #1200 mesh
size.

8.6 Soft Computing

Hung et al. [59] tried to develop MAF process into an adaptive control system with
the help of soft computing technique. Authors proposed statistical assisted fuzzy
nets in-process surface finish prediction (S-FN-IPSFP) system for the MAF process
(Fig. 8.12). Developed system predicts Ra as the output which is a function of input
parameters viz. spindle speed, frequency, current, and weight of abrasive particles
with 97% accuracy. Developed model is based on fuzzy-net theory following the five
step approach that are:

i. Decompose input space into fuzzy regions,

In-process surface
Finish

Magnetic abrasive 
finishing system 

Speed

Frequency

Current
Abrasive

A/D

CNC
Controller 

Recognition 
Systems

Adaptive Controller

(Using S-FN-
IPSFP)

/+ −Δ

Ra

Fig. 8.12 Experimental set up of statistical-assisted fuzzy nets in-process surface finish prediction
system
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ii. Generate fuzzy rules,
iii. Avoid conflicting rules,
iv. Statistical assisted fuzzy-nets rule base,
v. Determine a mapping based on the fuzzy rule base.

Oh and Le [60] developed an in process monitoring system for the MAF process
by monitoring acoustic emission signals (AES) and force signals (FS). Also energy
released, AErms during the MAF process can be given as [60]:

AErms = Dc{σe × ε̇e × Vw}1/2 (8.35)

Later, using the AE signals and FS signals as individually as input for the artificial
neural networks (ANNs) authors predicted the Ra. It was concluded from the study
that using combined data (AE + FS) as input, ANNs (Fig. 8.13) provided least error
between predicted and experimentally measured compared to the individually used
AE based and FS based networks.

Djavanroodi [61] used artificial neural network for modeling the MAF process.
Effect of current, workpiece velocity and finishing time is predicted on�Ra. Tangent
sigmoid (Tansig(z)) transfer function with weighted sum of the input, z is used in
ANN and is given as [61]:

Tansig(z) = 2(1 + exp(−2z)) − 1 (8.36)

Experimentally obtained and predicted by ANN results are in good agreement,
with current as the significant factor affecting �Ra. Teimouri and Baseri [62] devel-
oped two models feed forward back-propagation neural network (FFBP-NN) and

Friction 
Coefficient 

AE spectrum

AE rms

AE count rate

Surface 
roughness

Input 
layer

Hidden
layer

Output
layer

Fig. 8.13 Schematic of acoustic emission based artificial neural network
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adaptive neuro-fuzzy inference system (ANFIS) for prediction of % �Ra as a func-
tion of MAF input parameters. Performances of the developed models are evaluated
by measuring mean absolute error,MSE and root mean square error, RMSE given as
[62]:

MSE = 1

Ts

Ts∑
i = 1

|ti − ai |2 (8.37)

RMS =
(

1

Tr

Tr∑
i = 1

(ti − yi )
2

)1/2

(8.38)

Comparing the experimental and predicted values of % �Ra authors concluded
that ANFIS systemmodels theMAF systemmore accurately compared to the FFBP-
NN model. Later, by using the objective function i.e., % �Ra developed by the
ANFIS, authors used simulated annealing (SA) and particle swarm optimization
(PSO) algorithms to optimize the value of various MAF input parameters to get
maximum % �Ra. Moosa [63] also used the ANFIS for predicting and optimiz-
ing the �Ra obtained on the workpiece surface during the MAF process. Authors
used membership function as Gaussian and obtained the predicted results within 3%
deviation with experimentally obtained values.

8.7 Summary

Magnetic abrasive finishing process is an economical finishing process useful for fin-
ishing as well as deburring the edges of themachined components. Flexible magnetic
abrasive brush generated during the magnetic abrasive finishing process eliminates
the need for rigid, expensive and vibration free machine tools. Low finishing forces
generated during the magnetic abrasive finishing process are particularly useful for
finishing brittle materials without inducing any surface defects on the workpiece.
The magnitude of finishing forces which decides the material removal rate and sur-
face finish is dependent on the magnetic field density, size, type and wt. % of the
magnetic abrasive particles, the rotational speed of the magnet etc. Magnetic abra-
sive finishing process is successfully used for finishing of ceramic rollers [2], inner
surfaces of capillary tubes [19, 20], inner surfaces of pipes in critical applications
like semi-conductor plants and aerospace [16], optical glass [28]. Despite numerous
advantages of the process, the low material removal rate of the process is a concern
for many of the researchers. Therefore, several hybrid magnetic abrasive finishing
process such as electrolytic magnetic abrasive finishing process, vibration assisted
magnetic abrasive finishing process are proposed in the literature. To save the exper-
imental resources and time, few researchers tried to model the magnetic abrasive
finishing process by using the finite element method and soft computing techniques.
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Predicted results by the developedmodels are in fair agreementwith the experimental
results.

Although magnetic abrasive finishing process is studied by several researchers
but still it is infancy in many respects some of them are:

(i) Generation of non-uniform magnetic during magnetic abrasive finishing field
causes the non-uniform surface finish on the workpiece surface.

(ii) It is reported in the literature sometimes during magnetic abrasive finishing
process localized largemagnetic pressure creates deep scratches/cuts [27]. Such
phenomenon deteriorates the surface finish.

(iii) Still, the magnetic abrasive finishing process needs to be developed commer-
cially by increasing its productivity in terms of components finished per unit
time.

(iv) Few researchers did modeling of the magnetic abrasive finishing process but
there are still a considerable number of assumptions such as considering the
spherical shape of magnetic abrasive particles, constant WG, initial surface
roughness profile is either triangular or Gaussian in nature etc. that causes the
predicted results to deviate from the experimental results.

(v) Developing an adaptive control system that can predict the relation between
process input parameters and its output responses. Later, automatization of the
process still needs to be carried out.

Such gaps should be addressed properly to develop magnetic abrasive finishing
process to its full potential.
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Chapter 9
Magnetic Field Assisted Finishing
Processes

Arpan Kumar Mondal, Atul Singh Rajput, Deopkant Prasad,
and Dipankar Bose

Abstract In today’s manufacturing industry surface roughness is highly concerned.
Poor surface quality leads to many problems like malfunctioning, large amount of
wear, low life span. In case of fluid flow through pipes poor surface quality causes
higher friction loss. Lots of efforts were made to improve the surface quality of a
product but by conventional processes high level of surface finish are not achievable.
By means of hybrid technologies it is feasible to achieve surface roughness up to
nano level. The most controlled and effective way to produce surface roughness up
to nano meter by using magneto rheological fluid (MRF).With the help ofMRF high
grade surface finish can achieve with convenient tolerances and without ruining the
surface contour. Working principle and their advantages of MR fluid and rotational
magneto-rheological abrasive flow finishing is discussed in this chapter.

Keywords Magnetorheological fluid · Nano finishing · Hybrid surface finishing
process · R-MRAFF

9.1 Introduction

Finishing of a product is very essential process in manufacturing to obtain a good
surface texture, with a good surface quality the value of a product enhances.

Finishing mainly classified in two categories:
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• Conventional finishing processes (Grinding, Lapping, Honing etc.)
• Advanced finishing processes (Abrasive flow finishing, Magnetorheological

finishing etc.)

Surface finishing is an essential stage in the production of all constituents that need
high precision and close tolerances for execution their jobs as a distinct constituent
or as a portion of an assembly. These constituents have extensive variabilities in
terms of dimension, shape, material properties, etc.Moreover, latest materials having
greater properties are being established unceasingly to encounter the necessities of
diverse fields, such as medical, aerospace, optics, automobile, electronics, etc. As an
outcome, incessant development of different machining and finishing methods are
essential to process or fabricate such materials. Numerous conventional processes
are broadly used for finishing. Though, they are not effective enough when it comes
to finishing very soft materials that are used in optics, to achieve nanometer-level (or,
in some cases, Angstrom) surface roughness value, to finish multifaceted freeform
surfaces, etc. Just advancing these processes will not function due to the formerly
stated necessities, which are not easy to achieve. Hence, development of newfangled
finishing processes is the lone solution to the current necessities. Numerous new
and unconventional finishing processes have been developed for different types of
workpiece materials. Precise surface finish is required for today’s manufacturing
industries. From last few decades lots of efforts have been made to achieve high
level of surface finish [1–4]. Earlier lots of conventional methods were there for
finishing process such as grinding, honing, lapping etc. but the limitation of these
conventional processes were that they are not applicable on complex structures and
newmaterials. To overcome such kind of problems hybrid finishing were introduced.

One of the methods by which surface finish up to the value of nanometer can be
achieved is by introduction of magnetorheological finishing process. First time the
effort in the field of magnetorheological finishing was made in late 80s by Kordonski
when he invented the first magnetorheological finishing machine [5].

9.2 Magnetorheological Fluid

Magnetorheological fluid establishedfinishingprocesses depends on the properties of
MR fluid. The primary exploration and advancement of MR fluids and setup is given
to Rabinow in the late 1940s at the US National Bureau of Standards [6]. Basically
MRfluid consists of a termination of non-colloidal, magnetically influenced particles
in a non-magnetic medium.

Magnetorheological fluid composed of silicon carbide abrasives and carbonyl iron
powder circulated in the viscoplastic base of carrier fluid like grease and mineral oil;
rheological property of MR fluid changes when it comes under external magnetic
field influence as shown in Fig. 9.1. When MR fluid comes in the region of extrinsic
magnetic field columnar structure were formed by carbonyl iron particles due to
dipole effect as shown in Fig. 9.2. This agile action ofMRfluid is applied to precisely
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Fig. 9.1 Alteration in rheological properties of MR fluid in finishing process [11]

Fig. 9.2 Formation of columnar structure in MR fluid [19]

regulate the finishing forces, thus roughness of the surface. It is also termed as
smart fluid because it changes its properties on presence of external magnetic field,
fluid properties changes to bingham plastic from Newtonian [7]. The shear stress is
represented by [8].

τ = τ0(H)sgn(γ ) + ηγ,. |τ | > |τ .| (9.1)
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Fig. 9.3 Bingham plasticity model [4]

τ = 0, |τ | < |τ .| (9.2)

where, τ 0 is yield stress due to magnetic field, ˙γ is rate of change of shear strain;
H is magnitude of the external magnetic field; and η is plastic viscosity which is
independent of yield, that is slope of calculated shear stress against rate of change
of shear strain as shown in Fig. 9.3.

Ginder et al. [9] developed mathematical and theoretical models of a magnetorhe-
ological fluid phenomenon that account for magnetic nonlinearity and saturation
effects in particular. The magneto-static strength of the interparticle and the result-
ing shear stress was measured in this analysis. They performed FEA calculations
to determine the effect of shear stress in MR fluids on magnetic nonlinearity and
saturation. The maximum shear stress of the particles increases from their results as
a square of the particle saturation magnetization.

Seok et al. [10] in hiswork tribological properties ofMRfluid in a surface finishing
process derived a mathematical model and observed that MR fluid shows solid as
well as fluid like properties in external fluid which impacted on the material removal
rate as described in equation.

dz

dt
= α

(
μs PVp + η

H

(
Vp

)2)
(9.3)

where, dz
dt is the rate of change work piece height with respect to time or material

removal rate; α is proportionality constant between the MRR and the shear done
at the work piece surface; μs is kinetic friction coefficient; P is normal pressure
enforced; Vp is velocity of work piece; Viscosity of MR fluid is denoted by η; H is
the height MR fluid ribbon.
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9.3 Working Principle of R-MRAFF

In rotational magnetorheological fluid flow finishing process with the help of magne-
torheological fluid (MR-fluid) which works as finishing material, surface finish upto
nano level can be acquired [11]. Magnetorheological fluid is a non Newtonian fluid
which is comprises of carbonyl iron particles (CIP), carrier fluid abrasive changes
its viscosity when it comes under the influence of some external field and behaves as
Bingham fluid [12]. MR-fluid forms a columnar structure in external magnetic field.
Back and forth motion of the MR-fluid is provided by the reciprocation of pistons
in R-MRAFF process and rotational motion is provided to the magnets of certain
magnetic field. In between magnets cylindrical workpiece made of steel is placed as
shown in Fig. 9.4.

In Fig. 9.4 shows the working principle of R-MRAFF process. Axial forces (Fa)
generated by the back and forth motion of the MR-fluid causes the cutting action.
By the extrusion pressure some radial forces (Fr) is also generated on the work-
piece. Centrifugal forces (Fc) and magnetic force (Fm) generated because of the
magnetic field and rotation of magnets respectively. Hence the total force normal to
the workpiece is shown in Eq. (9.4) [13] (Fig. 9.5).

Fn = Fr + Fc + Fm (9.4)

Das et al. [14] performed the experiment on nano surface finishing of stainless-
steel tubes using R-MRAFF process in which they used work piece of stainless steel.
In the experiment it was observed that the rotation of magnet provide better surface
profile as compared to the case where magnet was stationary. The reason behind this

Fig. 9.4 Schematic diagram of R-MRAFF process [12]
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Fig. 9.5 Forces in the R-MRAFF system operating on abrasive

conclusion was the effective length of an abrasive during the finishing process was
higher than the former one. With the help of rotation of magnets, abrasive followed
a helical path which increases its effective length. Process parameters of R-MRAFF
process are.

• Rotational speed of the magnet.
• Extrusion pressure.
• Abrasive mesh size.
• Finishing cycle.

Effect of rotational speed of magnets on surface is shown in Fig. 9.6, with increase
in rotational speed of magnet over its optimal speed the capacity to hold abrasive
by carbonyl iron particles decreases as centrifugal force increases that leads to poor
surface finish. Variation of extrusion pressure with surface roughness is shown in
Fig. 9.7. With increase in extrusion pressure axial and radial forces increases and
that causes higher material removal rate. Abrasive mesh size is a crucial parameter
in R-MRAFF process as shown in Fig. 9.8, with increase in mesh size of an abrasive,
diameter of an abrasive increases. After 120 mesh size during the indentation it
penetrated deeper which causes irregular surface profile. Variation of finishing cycle
over surface roughness is shown in Fig. 9.9. Initially it quite easy to remove surface
roughness havinghighpeaks but after optimal number of cycles theworkpiece surface
become soften and further increase in finishing cycle lead to scratches over surface
which causes decrease in surface roughness. And obtained surface finish (Ra) =
16 nm.
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Fig. 9.6 Alteration of RPM
of magnet with percentage
change in surface roughness
(Ra) at P = 375 bar, N =
1000 cycles, M = 180 [14]

Fig. 9.7 Alteration of
extrusion pressure with
percentage change in surface
roughness (Ra) with at N =
1000 cycles, S = 150 RPM
[14]

9.4 Mathematical Modelling of the R-MRAFF Process

A mathematical model can be developed for calculating the material removal and
surface roughness during the R-MRAFF process.

Following assumptions were made for developing the mathematical model

• Workpiece material is assumed to be uniform throughout and having same
properties in all directions.

• Uniform roughness profiles are present on the material.
• The peaks and valleys are spread over the entire surface and the peaks are

considered to be triangular as shown in Fig. 9.10.
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Fig. 9.8 Alteration of
abrasive mesh size with
percentage change in surface
roughness (Ra) P = 375 bar,
N = 1000 cycles, S = 100
RPM [14]

Fig. 9.9 Alteration of
number of finishing cycles
with percentage change in
surface roughness (Ra) at P
= 375 bar, S = 150 RPM, M
= 180 [14]

Fig. 9.10 Roughness profile of the workpiece surface
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• Carbonyl iron particles and abrasives are considered to be perfect spheres of same
diameters.

• The strength of the magnetic field remains constant with respect to time during
the finishing process.

• Magnetic field intensity at a point remains constant throughout the finishing
process.

• The distance between two abrasive particles remains constant, i.e. there is no
relative movement between them.

• Carbonyl iron particles present in the magnetorheological fluid rearrange them-
selves in a chain like structure around abrasive particles, when they come under
the influence of external field.

• Abrasive particles get trapped within the iron chains and are held tightly.
• Normal forces acting on the abrasives helps them to penetrate into the workpiece

surface and axial forces shear away the roughness peaks.
• Peaks that are sheared away during the finishing process do not affect the process

capability as the material removal rate is very low.

9.4.1 Analysis of Forces

Carbonyl iron particles present in theMRfluid acquire dipolemoment in the presence
of external magnetic field. When this dipole exceeds a particular value of thermal
energy, carbonyl iron particles forms a chain in the direction of magnetic field. In
the finishing area carbonyl iron particles pushes abrasive particles onto the surface
of the workpiece along the line of magnetic field by magnetic force (Fm) given by
the Eq. (9.5).

Fm = mμ0χmH∇H (9.5)

where,

m = Mass of a magnetic carbonyl iron particle (kg)
χm = Mass-susceptibility of the carbonyl iron particle ( m

3

Kg )

H = Magnetic field intensity
(
A
m

)
∇H = Gradient of the magnetic field intensity and
μ0 = Permeability in free space

(
4π × 10−9 Wb

Am

)

As the magnets are placed adjacent to each other so, a curved path is followed by
the line of magnetic force near the workpiece surface and hence, there are two com-
ponents ofmagnetic force acts on theworkpiece surface, one acts normal to thework-
piece surface known as normal component (Fmn) other acts along the circumference
of the workpiece known as tangential components (Fmt).

A radial force (Fr) acts on the abrasive particle. This force is a function ofmedium
viscosity and applied extrusion pressure. An axial force (Fa) acts on the abrasive
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particle, this force is generated due to reciprocating motion of the MR fluid during
finishing operation and is proportional to hydraulic extrusion pressure (P). Simula-
tion of MR fluid can be done for calculating the radial and axial forces acting on
the workpiece. Rotating magnets generates rotational magnetic field, which in turn
rotates the MR fluid inside the workpiece and due to this rotation a centrifugal force
(Fcen = mrω2) acts on the abrasive particle normal to the workpiece surface. So,
there are three forces (Fmn, Fr and Fcen) which acts normal to workpiece surface and
are responsible for indenting the abrasives on the workpiece.

Findentation = Fmn + Fr + Fcen (9.6)

Rotary motion of the magnet generates a force on the abrasive particle tangential
to the fluid rotation, known as tangential cutting force, Ft= 2 m (ω × V), where is
angular velocity and is linear velocity of the particle. Shearing of roughness peaks is
done by the resultant of three forces Fmt , Fa and Ft . Total cutting force Fc is given
by,

Fc = Ft + Fa + Fmt (9.7)

This resultant cutting force along with axial force forces abrasive particles to
move in a helical path. However the path followed will not be exactly helical as the
MR fluid is in semisolid state. Helix angle of the helical path is given by the Eq. (9.8)
and total of the helical path is given by the Eq. (9.9),

θ = tan−1 Va

Vt
(9.8)

s = hw

√(
Vt

Va

)2

(9.9)

Normal forces given in Eq. (9.6) acting on abrasive particles pushes them onto
the workpiece surface and produces indentations. Cutting forces given in Eq. (9.7)
removes the roughness peaks. Depth of indentation can be calculated by the given
Eq. (9.10).

d = Dg

2
− 1

2

√
D2

g − D2
i (9.10)

where,

d = depth of indentation,
Dg = diameter of abrasive grain, and
Di = diameter of indentation.

Diameter of indentation Di can be calculated using known values of BHN of
workpiece using given Eq. (9.11).
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BHN = Findentation
πDg

2

(
Dg −

√
D2

g − D2
i

) (9.11)

9.4.2 Material Removal Model

Abrasives present in the MR fluid remove the material from the work piece surface
by shearing action and the size of these chips are very small. Since abrasives indent
on the surface so they remove volume equal to the indented groove. As assumed
a triangular roughness the surface area to be finished is large as compared to the
abrasive particles so, we can take a small portion as a cell for computation and the
same can be applied to the whole surface. Volume of material removed through a
cell by a single abrasive is given by the Eq. (9.12).


V = Ap × lt (9.12)

Ap is the sheared area in the helical track and lt length of contact of abrasive with the
surface of the cell is given by the Eq. (9.13).

lt = l × n f (9.13)

the contact length (BC) of a single profile can be obtained as Eq. (9.14)

l = 2d tan θ (9.14)

where d is the depth of penetration of the abrasive and 2 is the mean angle of surface
asperity number of profile is given by Eq. (9.15)

n f = lc
lb

(9.15)

lc is length of cell as shown in Fig. 9.11 and lb base length of single profile.

lb = 2Rmax tan θ (9.16)

Rmax = initial or maximum value of surface roughness Therefore;

lt = l × n f = l × lc
lb

= d × lc
Rmax

(9.17)

Therefore, volume of material removed by a single abrasive
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Fig. 9.11 Length of cell


V = AP × d × lc
Rmax

(9.18)

Number of abrasives passing through a cell in each stroke is given by Eq. (9.19).

n = length of helical track

distance between two abrasives
(9.19)

Distance between two abrasives is given by Eq. (9.20).

la =
hw

√(
Vt
Va

)2 + 1

la
(9.20)

Total volume removed through a cell in a single stroke is shown in Eq. (9.21)

V =
Ap × d × lc × hw

√(
Vt
Va

)2 + 1

Rmax × la
(9.21)

9.4.3 Surface Roughness Model

From the geometry of the figure as shown in the Fig. 9.12. Let R1 is the
Roughness after one stroke. Volume of material removed in one stroke is given

by Eq. (9.22).


V = 1

2
× AD × BC × r (9.22)
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Fig. 9.12 A single surface
profile

r is the average width of cut, it is equal to the diameter of the projected area of
penetration of the abrasive grain

AD = Rmax− R1 and
BC = 2(Rmax− R1)tan θ Therefore 
V = (Rmax− R1)2 tan θ × r

Total volume of material removed through a cell 
Vc= 
V × nf
We know n f = lc

2×Rmax×tanθ

Volume of material removed through a cell in first stroke can be written as


Vc1 = (Rmax − R1)
2 × r × lc

2Rmax
(9.23)

This volume removed from the cell in one stroke is equal to the volume removed
in one stroke as discussed earlier. Equating the two equations we get,

R1 = Rmax −
(
2Rmax×V

r × lc

)2

(9.24)

R2 is the roughness after second stroke, BCFE is the cross sectional area of the
material removed in the second stroke.

BCFE = [
(Rmax − R2)

2 − (
(Rmax − R1)

2
]
tan θ (9.25)

Equating this to volume of material removed per stroke V, we get Eq. (9.26)

R2 = Rmax − [
(Rmax − R1)

2 + ((2V Rmax)/(rlc))
](1/2)

(9.26)

It can be generalised that after n stroke the final surface roughness is

Rn = Rmax − [
(Rmax − Rn − 1)2 + ((2V Rmax)/(rlc))

](1/2)
(9.27)
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9.5 Simulation Modelling

The purpose of this segment is to analyse the fluid flow variation with change in
compositions of CIP by calculating the axial stresses and radial stresses due to the
impact of abrasive on surface of the work piece with numerical analysis.

9.5.1 Governing Equation

Themathematical depiction of themovement of theMRfluid is described in continu-
ity Eq. (9.28) and momentum Eq. (9.29) in combination with a suitable rheological
constitutive Eq. (9.15).

∂ui
∂xi

= 0 (9.28)

ρ

[
∂ui∂ui

∂xi

]
= ∂p

∂xi
+ ∂

∂x j

[
μγ̇

(
∂ui
∂x j

+ ∂u j

∂xi

)]
(9.29)

Here, density of the MR-fluid is denoted by ρ, pressure is denoted by p and
velocity in i and j direction is denoted by ui, uj respectively. In Herschel Bulkley
model for Bingham fluid as shown in Fig. 9.13 describes the behavior of Bingham
fluid, when the value of n is equals to 1 then the non-Newtonian fluid behaves like a
Bingham fluid.

Shear stress of the Bingham fluid is defined as in Eq. (9.30).

τ−− = τ−−
0 + ηD−− (9.30)

where, τ 0 is the yield shear stress and D is a tensor which denotes rate of deformation
and denoted by Eq. (9.31).

Fig. 9.13 Herschel-Bulkley
model
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¯̄D =
(

∂ui
∂x j

+ ∂u j

∂xi

)
(9.31)

Viscosity of Bingham fluid is defined in Eq. (9.6) where η is the viscosity of the
Bingham fluid, ˙γ is strain rate as defined in Eq. (9.32), K is viscosity of the Bingham
fluid and n is power law index which is in the case of Bingham fluid is equals to 9.1.

η = τ0

γ̇
+ K γ̇ n−1 (9.32)

γ̇ =
√
1

2
¯̄D : ¯̄D (9.33)

K and τ 0 be contingent on the concentration of MR fluid and magnitude of
magnetic field described in Eqs. (9.34) and (9.35) [15].

K = −202.64 + 11.09A + 9.54B + 5C − 110.23D − 0.38AB − 0.53AC + 19.23CD
(9.34)

τ0 = −176.13 + 9.11A + 14.58B + 2.19C − 218.46D − 0.34AB

− 0.4AC − 0.57BC + 17.15CD + 0.39C2 + 170.42H 2 (9.35)

where, A is concentration of CIP, B is concentration of SiC, C is concentration ofAP3
grease in MR fluid and D is magnitude of magnetic field. Magnetohydrodynamics
is implemented in fluent to achieve required magnetic field. The link amongst the
external magnetic field and fluid stream field depends upon the two basic concept
first one is the electric field produced due to the movement of electrons in conductive
materials in the influence of some external magnetic field, and the second one is
Lorentz force produced by the electric and magnetic field. Electromagnetic fields are
defined by Maxwell’s equation 9.36–9.39.


 · B = 0 (9.36)


 · E = −∂B

∂t
(9.37)


 · D = q (9.38)

∇ · H = J + ∂D
∂t

(9.39)

where, magnetic field is defined by B, electric field is defined by E, induction field
for magnetic field is defined by H, induction field for electric fields is defined by D,
electric charge density is defined by q and electric current density is defined by J.
The induced magnetic and electric fields H and D are shown in Eqs. (9.40)–(9.41).
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H = 1

μ
B (9.40)

D =∈ E (9.41)

where, μ is magnetic permeability and is electric permittivity. From the law of Ohm
and the equation of Maxwell, the magnetic induction equation is derived. The equa-
tion delivers the relationship amongst the magnetic field and fluid flow field. In
general, Ohms law that defines the current density j is given by Eq. (9.42).

j = σ E (9.42)

where, σ is electrical conductivity. For fluid velocity field U in a magnetic field B,
Ohm’s law takes the form as shown in Eq. (9.43).

j = σ [E +U × B] (9.43)

From the law of Ohm and the equation of Maxwell, the induction equation can
be derived as in Eq. (9.44) [16].

∂B

∂t
+ (U.∇)B = 1

μσ
∇2B + (B.∇)U (9.44)

Modelling of surface texture is carried out after investigating the surface roughness
profile data obtained from the surface irregularity evaluating device. Ra value of the
surface roughness was found to be 0.6 µm. It is considered that the diameter of the
abrasive particle is greater than the gap between the two successive crests of surface
roughness. Normal force required for indenting the abrasives into the workpiece
is obtained from the simulation [17]. Using this normal force and by knowing the
BHN of the workpiece material we can find out the diameter of indentation by using
Eq. (9.45).

Di =
√
D2

g −
(
Dg − 2 × 10−6Fn

9.81HB H NπDg

)
(9.45)

Again from the Fig. 9.14 using geometry the depth of indentation can befound
out by using Eq. (9.46).

d = Dg

2
− 1

2

√
D2

g − D2
i (9.46)

Following steps are considered for simulating the surface roughness model.
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Fig. 9.14 Indentation by
abrasive on work piece

Step 1. The initial surface roughness statistics obtained from the surface irregu-
larity evaluating device are stockpiled in an array. Crests of the surface texture
are identified if the following Eq. (9.47) is satisfied.

Ci−1 Ci ≥ Ci+1 (9.47)

where Ci−1, Ci and Ci+1 are (i−1)th, ith and (i + 1)th crests respectively.

Step 2. It is essential that all the crests identified should undergo cutting action
at each stroke, if a point is not identified as crest its altitude remains same for
the next stroke. It is also considered that at any stroke (n) shearing occurs from a
specific crest if Eq. (9.48) is satisfied.

Ci,n > (Ci,max − d) (9.48)

Step 3. In the next stroke (n + 1) the new altitude of ith crest Ci,n+1 will be shown
in Eq. (9.49).

Ci , n + 1 = (Ci,max − d) (9.49)

where Ci,max is maximum crest height in the former stroke (nth stroke). New crest
height obtained after shearing by one abrasive has been shown in Fig. 9.15.

Step 4. After each recapitulation all the crests which were parted initially into two
arrays containing crests Ci and valleys Vi are organized together into an array Yi:j.

Step 5. Most important thing is that the roughness value is computed about the
mean line of the surface texture. Mean line is the line which divides the texture
so that area above and below the line are equal. After each recapitulation abrasive
particles shears away materials from the crests present above the mean line. Hence,
the position of the mean line changes 
Y and after each recapitulation new mean
line of the updated surface texture is evaluated and consequently all the data Yi,n are
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Fig. 9.15 Impact of single abrasive on surface roughness

updated and given in Eq. (9.50).

Yi,n + 1 = Yi − 
Y (9.50)

Step 6. The centerline average surface roughness value Ra of the surface texture
can be evaluated using surface texture data points Yi from the Eq. (9.51).

Ra =
∑n

i=1 |Y |i
n

(9.51)

where, n is the data points number.
The formation of velocity circulation in Zone 1 is shown in Fig. 9.16. The axial

velocity profile plot in Zone 2 is shown in Fig. 9.17, specifies that nearby axis of
work piece fixture there is a compact core section where the MR fluid flows with
highest velocity and the reduction in velocity is non-linearly, in the radial direction
from the center of the work piece fixture where velocity becomes zero. This approves
the MR fluid flow circulation of the non-Newtonian Bigham plastic fluid [18]. Effect
of magnetic field over velocity profile is shown in Figs. 9.18 and 9.19.

Due to an upsurge in theCIP concentration in theMRfluid, the persuaded Strength
of magnetic field also increased. The induced magnetic field simulation with the help
of magnetohydrodynamics. The radial variation of inlet velocity and outlet velocity
of different compositions of CIP in MR fluid in Zone 2 is shown in Figs. 9.20 and
9.21 respectively.

The average values of axial and radial stresses generated by the action of single
abrasive over different compositions of CIP are listed in Table 9.1. It can be observed
that with increase in composition of CIP, radial and axial stresses also get increased.
The cause for this kind of behavior is described below. CIP is the key constituent of
the MR fluid, and offers a noteworthy influence to the physical characteristic of MR
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Fig. 9.16 Velocity profile for zone 1 (15% CIP with 10% SiC)

Fig. 9.17 Velocity profile for zone 2 (15% CIP with 10% SiC)
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Fig. 9.18 Velocity profile for zone 2 with magnetic field

Fig. 9.19 Velocity profile for zone 2 with magnetic field
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Fig. 9.20 Velocity profile for zone 1 (15% CIP with 10% SiC)

Fig. 9.21 Velocity profile for zone 2 (15% CIP with 10% SiC)

Table 9.1 Axial stresses applied by different CIP concentration

CIP (% vol.) Avg. axial stress
(KPa)

Avg. radial stress
(Pa)

Radial force (nN) Surface
roughness (µm)

10 12.498 15.889 4.494 0.032

15 14.978 23.782 6.729 0.027

20 21.229 41.658 11.795 0.019
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fluid. In Table 9.1, it is observed that with increase in concentration of CIP, axial
velocity in zone 2get decreased as shown inFig. 9.20Likewise, as the volume fraction
of CIP increases, body centered tetragonal crystal structure is predicted because of
that large yield stress was noticed. For the similar cause the MR fluid imposes higher
radial and axial stresses near the wall if fixture with increase in composition of CIP
as shown in Table 9.1.

9.6 Applications

R-MRAFF process finds its applications in the areas where surface finish plays an
important role. Reduction in surface roughness means savings of energy, low heat
generation and less wear and tear of parts. Following are some of the areas where
R-MRAFF process is used.

• Medical Industry—In medical industry R-MRAFF process is used to finish inter-
nal surface of bent tubes which are an integral part of medical equipment. Heart
valves used in medical industries are finished by R-MRAFF process.

• Aerospace Industry—Here it is used to finish complicated shaped airfoil.
• Die and mold making industries—Dies and molds which are used for making

intricate parts should have higher surface finish so, they are finished using this
R-MRAFF process.

• Prosthetic implants manufacturers—21st century is the century where manufac-
turing processes have find their application in the medical field. now a days body
parts are replaced with metals and these implant must have higher surface finish.
These small body parts such as knee joint implants are finished by R-MRAFF
process.

• Automobile manufacturers—In automobile industry very fine nozzles with high
surface finish is used these nozzles are finished by R-MRAFF process. Also there
are many more components such as gear, bearings etc. are used where relative
between parts take place. These parts are finished byR-MRAFFprocess for higher
surface finish (Fig. 9.22).

9.7 Summary

R-MRAFF is a magnetic field assisted finishing process, which uses magnetic force
for finishing the workpiece surfaces. This process has the capability to reduce sur-
face roughness up to nanometer range. This process finds its application in many
important areas which were not processed by conventional processes. Complicate
intricate surfaces can be polished. Close tolerances can be achieved by polishing
the workpiece with this process, which will increase interchangeability of parts and
hence productivity will increase. This process produces high quality surfaces so,
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Fig. 9.22 Application of R-MRAFF process a Knee joint implant, b Heart valves, c Air foil,
d Engine crank case die, e Complex microchannel, and f Automotive gear

friction between parts reduces, energy losses reduce, and less wear and tear takes
place. This process generates crosshatched pattern on the surface of the workpiece
which increases oil (lubricate) retention capabilities of the workpiece. However this
process can be hybridized with some other processes for achieving surface roughness
in the atomic level.
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Chapter 10
Technological Advances and Challenges
in Chemical Mechanical Polishing

Samad Nadimi Bavil Oliaei, Muslim Mukhtarkhanov, and Asma Perveen

Abstract It has been already several decades since chemical mechanical polishing
(CMP) process has been deployed as a planarization technique for the fabrication of
integrated circuit (IC) in the semiconductor industries. CMP is considered to be awet
polishing technique that has the capability to generate ultrafine surfaces for numerous
materials using the combined effect of chemical and mechanical interactions. As
CMP involves both mechanical and chemical actions, the process efficiency of CMP
also varies with the parameters involved with mechanical and chemical aspects.
This chapter presents an overview of CMP technology, working principles, its recent
advancement status in terms of green slurry development, abrasives development,
new polishing method, research trends and challenges.

Keywords Wafer · Surface · Planarization · Abrasives · Polishing

10.1 Introduction

With the tremendous growth of electronic industries in the past few decades, it has
becomepossible to achieve electronic deviceswith reduced cost and increased perfor-
mance due to the fabrication of ultra large scale integrated (ULSI) circuits containing
108 or even more devices on chip within semiconductors substrates or wafer. As per
the forecast of Moore, the growth of the number of components in the semiconduc-
tor chip has roughly multiplied by two every two years over the last few decades.
At the same time, advanced fabrication technology also causes the device-features
dimension to shrink by 13% per year. Eventually, reduced features size results in
overall reduction of device size with increased packing density but with reduced
cost of function. Moreover, device speed increases and power consumption reduces
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due to the reduced feature size. In addition, the complex nature of chip design and
fabrication continues to increase along with miniaturization and integration. Process
requirements of this kind of wafer fabrication include high degree of repeatability, as
well as uniformity for higher process yields. One of the common challenges faced by
fabrication technology arises from the demand for global planer surfaces associated
with lithography process in back end process integration. Chemical Mechanical Pol-
ishing (CMP) has become an inevitable technology to achieve this smooth surface
topography of the multiple layers of interlevel dielectric involved [1, 2].

Chemical mechanical Polishing process was initially deployed for the purpose
of oxide polishing and later for tungsten polishing in the year of 1986 and 1988,
respectively. After few decades of development by IBM, CMP has become one of
the paramount processes in the thin film fabrication which aids in smooth as well as
damage-free surface generation. As the name implies, CMP removes material with
the combined effect of chemical and mechanical actions. CMP fabricates global as
well as local surfaces by removing material in micro scale, nanoscale or even atomic
scale, which also satisfies the requirements sets by the lithography process. Due to its
contribution towards thinning andflattening of thin films, it has become established as
one of the leading planarization process in the Integrated circuits(IC) manufacturing
industry [3]. Chip manufacturing plant consists of the front-end and the back-end
process.While the front-end process manufactures the circuit elements, the back-end
process combines them into IC. Both of these processes are in need of CMP process
to create flat and thin structures of inter-level dielectric (ILD, SiO2) or to remove
additional materials to create inlaidmetal or isolation trench structure. The ILDCMP
is usually implemented for aluminum metallization. Other than these two processes,
chip interconnect functioning as back-end of the line process(BEOL) also contributes
significant role in the development of reduced size of features and increased speed
of the devices other than product reliability for large volume production [4, 5]. CMP
is also useful in BEOL process and aids in stacking layer upon layer for interconnect
materials [6]. With time, demand for increased wafer size, smaller feature size and
higher integration has been increasing rapidly. While the level of interconnection
and wafer diameter increases, CMP has been facing challenges such as Nano-level
planarity, sub Nano-level roughness and reduced surface/subsurface damage on the
wafer.

CMP is also found to play critical roles in other emerging technologies like copper
damascene patterns polishing, low-K dielectrics as well as shallow trench isolation.
Moreover, the introduction of Cu and W in Ultra-large-scale integrated (ULSI) cir-
cuits also needCMPprocess to create inlaid interconnected structure. The complexity
associated with concurrent or sequential removal of a wide range of materials even-
tually necessitates the deeper understanding of the process principles in order to
facilitate the optimal process design, control and increased process yield [7]. While,
the understanding of micro/nano/atomic scale removal due to combined mechanical
and chemical action is essential, additionally mechanism involving global planer sur-
face generation by local material removal for large dimension wafers is also equally
important.
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10.2 Principles of CMP

CMP is based on a very simple concept of polishing the surface of the workpiece
with tiny abrasives and chemicals until achieving a flat, smooth and flawless surface.
In this process, the aim is to achieve an acceptable global and local planarization [8],
the former being more influential on the yield of device fabrication. The origin of
CMP dates back to ancient times. However, its usage in the semiconductor industry
by IBM company dates back to the 1980s [9]. CMP is one of the essential steps of
ultra-precision machining for different crystals [10]. Despite the developments made
in the tooling and polishing capabilities of the CMP, less attention has been paid to
the mechanisms involved in this process. Therefore, understanding the underlying
mechanism of CMP could be helpful for further development of this process and
making the process more efficient. Because of its complex nature, due to the inter-
actions between chemistry and mechanics of the process and diversity in the factors
involved in this process, CMP is considered as a challenging technology.

In order to realize a CMP process, four different configurations can be used as
illustrated in Fig. 10.1 [11]. Among these configurations, the rotary type with a recip-
rocating mode is widely used. The schematic drawing of CMP is demonstrated in
Fig. 10.2. In this process, both the rotating platen and the workpiece (wafer) carrier
rotates in the same direction with a synchronized reciprocating radial motion of the
carrier. It has been mentioned by Runnels [12] that there is a separation of about
10 μm between the pad and workpiece which is filled by a slurry during the CMP
process. This separation is generally attributed to the pressure increase in the slurry
due to the relative motion between platen and workpiece which results in a hydro-
dynamic lift force. This hydrodynamic lift force which balances the downforce is
responsible for the film separation. The formation of hydrodynamic film separation
has been verified by measuring the vertical displacement of the workpiece carrier by
Nakamura et al. [13].

In a study conducted by Cook et al. [14], a mechanism other than hydrodynamic
film CMP has been considered which is called asperity contact mechanism. Accord-
ing to this mechanism, the material removal occurs when the workpiece contacts the
asperities of the polishing pad, which is very similar to the mechanical polishing
techniques such as lapping.

In the CMP process, two fundamental mechanisms of material removal are com-
bined. One of them is related to the removal by the abrasion due to a mechanical
contact between abrasive particles and the workpiece while the other is based on
chemical corrosion. In this process, chemical reactions soften the surface of the
workpiece, then this soften layer is removed through a mechanical removal process
by abrasive particles. For example, for the case of dielectric CMP process, the reac-
tion between silicon oxide surface with OH− from the slurry solution occurs and
generates silicon hydroxide (Si(OH)4). The hydration reaction occurring during the
process is as follows [15]:

(SiO2)x + 2H2O → (SiO2)x−1 + Si(OH)4 (10.1)
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Fig. 10.1 Illustration of different CMP configurations: a Rotary type-reciprocating mode CMP
b rotary type-Oscillatory mode CMP, c Orbital CMP, d Linear CMP [11]

The soften Si(OH)4 is disintegrated by mechanical abrasion with the help of
abrasive particles in the slurry.

CMP basically is intended to do two different tasks simultaneously. The first
expected task is material removal, while the second one is the planarization, where a
smooth, uniform and almost defect-free surface is generated at the end of this process.
Therefore, to have a high performance CMP process, it is necessary to consider two
different aspects of the process. The first aspect is related to the material removal
mechanism involved in micro/nano scale realized by a combination of mechanical
and chemical activities. The second important aspect is to understand how a global
planar surface is achieved by local material removal [11].
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Fig. 10.2 Illustration of the CMP process

Fig. 10.3 Main factors involved in a CMP process

Several parameters are involved in CPM process including the pressure distribu-
tion over the surface of the workpiece, relative velocity distribution, size, type and
concentration of the abrasive particles in the slurry, flow characteristics and chemical
state of the slurry, thermal management, pad conditioning state and other mechani-
cal and chemical factors. Figure 10.3 illustrates the main factors involved in a CMP
process.
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The mechanism of CMP has been studied from different perspectives. For
instance, Kim et al. [8] have analyzed the kinematics and the hydrodynamics of
the CMP process. The study of the kinematic condition of the device was to obtain
a condition to have a uniform removal of material from the surface of the workpiece
(wafer) area. By excluding the effect of oscillatory motion in the CMP process, Kim
et al. [8] obtained a relationship for the relative velocity of a point on the wafer
with respect to the pad (�vp/ w) as a function of the distance between rotation centers
(D), angular velocity of the pad (ωP ), angular velocity of the wafer (ωw) and radial
distance to the given point on the wafer (r) and the equation is given as follows:

�vp/ w = �ωp × �D + ( �ωp − �ωv) × �r (10.2)

They defined a dimensionless parameter ζ = rw
D (1− ωw

ωp
) called a kinematic index

to represent the kinematic aspects of the CMP process. Using this parameter, the
distribution of the velocity is determined as follows:

vp/ w = ⇀
ωpD

√
(ρζ )2 + 2ρζ cosϕ + 1 (10.3)

The flow of the slurry is affected by two different factors, i.e. the direction of the
friction force and the distribution of velocity, which are a function of ζ values. Based
on the tribological aspects of friction and velocity, their interpretations revealed that a
non-uniform material removal would happen due to a large velocity deviation within
the wafer area (large ζ value), resulting from local deviations of the friction force
[8].

In a study by Zhou et al. [16], the polishing mechanism has been explained using
the Nano-film polishing model. Based on this model, a nonlinear relation between
abrasive particle size and MRR is reported. Their results also reported a critical
dependence of MRR to the load and speed and the coupling between load and speed
for the grooved pad.

10.2.1 Applications of CMP

The general application of CMP is to improve the performance and cut the cost
of the semiconductor materials. With the developments made in the semiconductor
industry, there is a continuous need to build transistors and interconnectors smaller
and smaller for the new generation of devices. In addition, the achievable precision
and surface finish requirements for CMP is also becoming narrower. The advantages
offered by CMP as a precision polishing technique provides a platform for chip man-
ufacturers to shrink their devices by producing defect-free wafers with an acceptable
level of flatness and smoothness. Additionally, it was the emergence of CMP that



10 Technological Advances and Challenges in Chemical Mechanical … 241

made it possible to use copper interconnectors in the semiconductor industry. There-
fore, CMP is considered as one of the challenging steps and enabling technology
in lithography based production processes. Since in lithography, the devices are
being manufactured layer by layer, the CMP process may be repeated several times
throughout the overall manufacturing cycle of a device.

CMP has found widespread industrial applications, including microelectron-
ics, MEMS-based sensors and actuators, micro-opto-electro-mechanical systems
(MOEMS), fabrication of high-voltage high-power transistors, surface acoustic wave
(SAW) devices to optical coatings [17], giant-large scale integrated circuits (GLSI)
[18], etc. Especial applications include the use of CMP for polishing of silicon
wafers [19], polishing of silicon dioxides and silicon nitrides [20] and polymer layers
[21], polishing of sapphire in the semiconductor industry as a substrate for epitaxial
growth of Gallium Nitride [22] and polishing of Silicon Carbide substrates, process-
ing of conductive polycrystalline silicon as a fill material for through silicon vias
(TSV) [23] and the thinning of Silicon on Sapphire (SOS) and Silicon on Insulator
(SOI).

10.3 Abrasives for CMP

The slurry in the CMP process consists of two different phases. i.e. liquid and solid
phases, even though most recent applications based on abrasive free slurries are also
being proposed [24]. The solid phase of slurry is composed of abrasivematerials such
as ceria, aluminum oxide, silicon carbide, etc. The slurry may contain only one type
of abrasive particles, which is called single abrasive slurry (SAS) or it may contain a
mixture of abrasive particles known as a mixed abrasive slurry (MAS). Abrasives are
among the most important key elements of the CMP process which largely influence
the polished surface quality and material removal rate (MRR) [25, 26] and largely
affect the performance of the CMP process [15]. Perhaps silica abrasives are among
the most frequently deployed abrasives in the CMP process. Silica abrasives can be
produced by two common synthesizing techniques.

In a study byZhu et al. [27] different abrasive particles such as alumina,monocrys-
talline diamond, and polycrystalline diamond are used to study the material removal
rate and surface quality of Sapphire in an aqueous slurry with different pH values. It
has been observed that α-alumina abrasives promote higher polishing rates because
of surface hydration and chemical-mechanical reaction between α-alumina and sap-
phire. The sol-gel technology has been used by Xu et al. [28] to prepare a mixed
abrasive slurry for CMPof a sapphirewafer. In their study, diamond abrasive particles
are used as hard abrasives, while high-reactivity silica is used as the soft abrasive.
MAS is shown to be capable of increasing the material removal rate by more than
52.6% compared to SAS. They also reported a reduced surface roughness of 21.6%
when using MAS. The use of ellipsoidal rod-shaped silica Nano-composite abra-
sives produced by the Chromium ion/PEG200 induced method for CMP of sapphire
substrate is reported by Dong et al. [29]. An increased MRR and reduced surface
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roughness have been demonstrated,whichwas credited to an optimal combined effect
of chemical and mechanical interaction. Xu et al. [30] reported the use of irregular
flower-shaped silica abrasives in the CMP process of sapphire wafers. Their results
revealed a remarkable increase of 217.4% in the material removal rate compared to
spherical silica for an abrasive content of 6%.Comparable surface roughness has been
obtained when using flower-shaped abrasives compared to spherical silica. The study
of Liu and Lei [31] uses an Nd3+-doped colloidal spherical SiO2 composite abrasives
synthesized by seed-induced growth in theCMPprocess of sapphire. A lower average
surface roughness values and higher material removal rates are obtained compared
to pure silica abrasives. The seed-induced growth method is also used by Lei and
Tong [25] to produce LA-doped colloidal silica composite abrasives for the CMP
process. The abrasives are shown to have good dispersibility and inerratic spherical
shape. When applied to the CMP of sapphire, lower Ra values are reported along
with improved material removal rate compared to pure spherical silica particles. In
another study by Yin et al. [32], MgO doped colloidal SiO2 abrasives are used for
sapphire substrate polishing. Again, a higher MRR and lower Sq (square roughness)
values are reported compared to pure spherical silica particles.

The density of the abrasive particles performs a key role in a successful CMP
process. Since the change of polishing rate is proportional to the change of density
of the slurry, therefore to have consistent polishing rates, it is necessary to have
accurate control of the density of the slurry. Mixed abrasive slurries are also used in
the CMP process. In the study of Jindal et al. [33], MAS.

Which is formed by dispersing alumina and silica particles in deionized water
is used for copper damascene polishing. It is demonstrated that the performance of
the CMP process has been improved significantly. The polishing rate in CPM is
also subjected to the particle size distribution (PSD). The PSD consists of the major
population of abrasive particles that contribute to the primary polishing of the wafer.
Generally, in CMP a narrow PSD is preferred to have better control on the process
[34].

Zhou et al. [16] have researched the impact of nano-scale colloidal abrasive size
on the MRR and surface finish of thermally-grown silicon dioxide on p-type single
crystal silicon (100). The mean diameter of the abrasive nano-particles is selected in
the range of 10-140 nm. A strong dependency of MRR to the abrasive particle size
has been reported. Their results revealed that an abrasive particle size of 80 nm is
the optimum particle size with respect to the surface finish and MRR. As a rule of
thumb, particles with zeta values larger than 30 are considered colloidally stable [34].
In order to assess the stability of the abrasive particles in the slurry, Zeta potential is
used.

10.4 Recent Advancement in CMP

The main application of Chemical Mechanical Polishing (CMP) is to obtain planar,
smooth and defect-free surfaces for manufacturing semiconductors. Since device
dimensions continue to shrink, the CMPmechanism is becoming more complex and
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the research area is widening with every year passes. Since its first use in IBM in
1986 [11], the CMP process remains to include two stages of treatment: softening of
material’s surface by chemicals (slurry); abrasive particles removal of softened parts
through mechanical force [35]. Hence, this section reviews few recent advancements
in CMP concerning new types of slurries, abrasives and methods. Table 10.1 sum-
marizes a list of the mentioned innovations. Recent advancements in CMP can be
grouped into three categories.

Table 10.1 Recent advancements in CMP

Type Content Application Advancement Reference
and year

Slurry SiO2 Nano spheres, H2O2,
malic and citric acids

Semiconductors Environment
friendly

[36] 2016

Slurry Silica, hydrogen peroxide
and chitosan oligosaccharide

Polishing copper Environment
friendly

[37] 2018

Slurry Non-noble metal materials
(Fe-Nx/C)

Optoelectronics
devices

Catalyst free
of platinum to
improve the
MRR of
sapphire

[38] 2015

Slurry Hybrid polymers Chemical
mechanical
planarization

Lowering
topographical
variations and
surface
roughness

[39] 2015

Abrasive Silica nanoparticles Thin films High quality
surfaces

[40] 2018

Abrasive Polyelectrolyte–Al2O3/SiO2
composite nanoparticle

Sapphire
planarization

Dispersibility
and superior
polishing
performance

[41] 2019

Method Multilayer ice bonded
abrasive polishing (IBAP)

Polishing of
Ti-6Al-4 V alloy

Morphology
and finish

[42] 2017

Method Polishing inner surfaces of
objects printed in 3D printers

Additive
manufacturing

Polishing and
removal of
semi-welded
particles on the
interior
surfaces of
components

[43] 2017

Method Electro-mechanical
polishing

SiC surface Pad-free
treatment

[44] 2017

Method Negative pressure cavity jet
polishing (NPCJP)

Optical
processing

Efficiency and
surface quality

[45, 46]
2017
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10.4.1 Applying New Efficient and Environment Friendly
Slurries

Exploration of new types of slurry that are both efficient and environment friendly
has been a focus for many inventors and scientists. For example, it is well-known that
mercury cadmium telluride (HgCdTe or MCT) semiconductors have been polished
using corrosive and toxic chemical reagents recently. However, a new type of slurry
that consists of mainly SiO2 nano-spheres, H2O2, malic and citric acids proved to
have excellent characteristics in terms of impact on the environment. Polished surface
has a roughness of nearly Ra = 0.45 nm, and peak-to-valley (PV) value of 4.74 nm
respectively on MCT wafers according to Zhang et al. [36].

Another example of applying environment-friendly slurry is using silica, hydro-
gen peroxide and chitosan oligosaccharide for polishing copper. Polishing copper
is associated with using strong acids and hazardous chemicals. This invention is
attributed to Zhang et al. [37]. Polished surface achieved average surface roughness
Ra of 0.444 nm and peak-to-valley value of 5.468 nm respectively after the process.
The effect of using above mentioned substances is that hydrogen peroxide oxidizes
Cu surface and CuO, Cu(OH)2 are formed. After that chitosan oligosaccharide is
ionized releasing H+ which dissolves CuO and Cu(OH)2. As a result, chelating of
Cu2+ ions takes place through chitosan oligosaccharide molecules. At the end, silica
nano-spheres act as remover for adsorbed layer, leaving ultra-smooth surface of cop-
per untouched. X-ray photoelectron spectra and electrochemical measurements can
be deployed to reveal average surface roughness as well as peak-to-valley values.

Now a day sapphire, gallium nitride (GaN) and silicon carbide (SiC) are consid-
ered to be the main candidates as single crystal substrate material for next generation
optoelectronics devices. In order to achieve improved material removal rate for sap-
phire, Xu et al. [38] have proposed to develop non-noble metal materials (Fe-Nx/C)
such as platinum-free catalyst. CMP process can achieve smooth sapphire surface
containing periodically organized step structure along with improved MRR as high
as 38.43 nm/min. This MRR is nearly 15.44% larger than the case when no catalyst
is used.

Lowering topographical variations and surface roughness are one of the main
concerns in CMP. The invention of slurries containing hybrid polymers made it
possible to successfully tackle this issue [39].At the same time, this approach does not
compromise frictional characteristics and removal rates since slurries consisting of
only silica or ceria nanoparticles that have similar or lower qualities. In order to obtain
such microgels, colloidal particles of a cross-linked, thermally responsive polymer
were used for preparation of organic-inorganic composites. Polymeric particles with
embedded nanoparticles, hybrid PNIPAM-polysiloxane particles and composite of
an inorganic metal-oxide (MO) such as CeO2 and TiO2were formed as a result.
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10.4.2 Using New Types of Abrasive Materials

Rapidly growing interest in developing new nanoparticles that can act as abrasive
materials to create high quality surfaces for thin films has become a trend recently.
Process requirements of abrasive slurry set by advanced CMP in order to achieve
higher wafer surface quality can be met by mesoporous silica abrasive particularly
with lower hardness along with lower youngmodulus. Ryu et al. [40] have developed
a way of making uniform wrinkled silica nanoparticles (WSNs) without using a pot.
Uniformparticles can be obtained through rapid cooling of reactants at the convenient
time resulting in separation of nucleation and growth stages. In addition,WSNs show
better properties as an abrasive material compared to nonporous silica nanospheres
as well as fumed silica-based products in CMP processes.

Wang and Lei [41] have developed a novel type of nanoparticle which is able to
provide outstanding dispersibility and greater polishing performance and it contains
mainly polyelectrolyte–Al2O3/SiO2 composite. The use of abrasive polyelectrolyte-
Al2O3/SiO2 increased the material removal rate by 30% compared to pure Al2O3.
Polyelectrolytes being a polymer with a number of ionizable groups in the side
chain have certain benefits compared to nonionic polymers because of its character-
istics related to higher hydrophilicity and stability. Alumina was covalently bonded
together with a silica bifunctional molecule, which also was adsorbing polyelec-
trolytes by electrostatic interaction. Being well dispersed, these particles increase
removal rate causing the acceleration of mechanical process. This kind of abrasive
penetrates the wafer relatively in less depth and very smooth surface emerges after
the end of the process. All of the mentioned characteristics of novel material meet
those high requirements set for sapphire planarization.

10.4.3 New Polishing Methods

Ultra-precision surface generation processes like lapping and polishing has attracted
huge attention from researcher due to the growing needs of nano-level surface on a
range of product exploited in different industries such as semiconductor, medical or
aerospace. For example, a novel multilayer icebonded abrasive polishing (IBAP) tool
was proposed by Ramesh Babu [42]. This tool was developed for a polishing sample
of Ti-6Al-4 V alloy in multiple stage based on a systematic study where required
number of layers, thickness of each subsequent layer, and type, size, concentration
of abrasives particles in each layer can be determined. In order to perform ultrafine
polishing of Ti-6Al-4 V alloy, this IBAP tool comes with three layers and each layer
is different with different thickness and concentration.

– Bottom layer, made of soft 3 μm Al2O3 abrasive with concentration of 5%;
– Middle layer, made of 8 μm moderately hard SiC with concentration of 10%;
– Top layer, made of 15 μm hard B4C with concentration of 30%.
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According to the assessed morphology and finish, the three-layered IBAP showed
81% improvement compared to a single-layered IBAP tool. Obtained ultrafine
surfaces have 37 nm finish and almost free of scratch surface of the alloy.

In addition, the recent advancement in additive manufacturing (AM) has brought
about new challenges like polishing inner surfaces of complicated shape objects
printed in 3D printers. Selective laser melting (SLM) and electron beam melting
(EBM) are two most important AM process that faces key challenges due to the
roughness issue in the interior surface of built part that is complex in nature. If we
consider engines and other fluid systems, there are two main concerns related to 3D
printedparts: occurrence of semi-weldedparticles andundesirable surface roughness.
Both issue can cause complications for engines either by blocking or hindering fluid
flow.Research study done byMohammadian et al. [43] demonstrated that it is feasible
to combine chemical-abrasive flow polishing technique to completely remove semi-
welded particles present on the interior surfaces of the components, designed for the
aerospace industry, and considerably improve surface roughness as well as texture.
By comparison, of different testing features for SLM printing, it was discovered
that the most effective way of polishing is when applying a flow that contains both
abrasives and chemicals. When using this technique, the results revealed reduction
of Ra value by 45% for a build orientation of 15o. Both schematic and real illustration
of the CMP process set-up are presented in Fig. 10.4.

Newadvancements have been reported in electro-mechanical polishing too.Anew
method developed byMurata et al. [44] proposed a pad-free treatment. Polishing pad
appears to be an unnecessary accessory for this technique since the surface of the
single-crystalline is electrochemically oxidized and CeO2 is deployed to remove
oxides from the polyurethane–CeO2 core–shell particles. Generally, due to rapid
wear caused by friction, the resin pad needs periodic replacement, which leads to
an increase of process cost. A schematic of the core-shell particles is shown in
Fig. 10.5. The core is made of polyurethane and the role of the shell is given to soft
CeO2 particles, which constitutes an abrasive layer. Since CeO2 particles are soft

Fig. 10.4 Schematic a and real b illustration of the chemical abrasive polishing set-up [43]
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Fig. 10.5 Schematic view of
the proposed electrochemical
mechanical polishing
(ECMP) method [44]

compared to SiC surface, the conventional way of CMP process cannot be realized
without electrolysis. Consequently, the surface continuously experiences anodization
that creates many scratches and rough surface. Through optimization of electrolysis
and periodical application of bias voltage, the oxide film disappears from the surface
and the average roughness reaches as high as 0.5 nm. While comparing with the
traditional polishing process that comes with colloidal SiO2 slurry, this proposed
technique demonstrates remarkable polishing productivity even without the help of
a polishing pad.

Abrasive water jet technology was first introduced as a well drilling technology.
Since then many types of abrasive jet technologies emerged in other fields, includ-
ing CMP. Abrasive jet polishing (AJP) is a new ultra-precision optical process-
ing technology which comprises of complex fluid jet of water and abrasives [45].
Higher flexibility, better accuracy, user-friendly control, and reduced cost are the
main advantages of AJP. The basic principle of abrasive water jet polishing (AWJP)
is shown in Fig. 10.6. Well proportioned micro-abrasive is first mixed with water.
Then high-pressure pump transfers the polishing liquid to the nozzle forming high-
speed abrasive jet. The flow moves along workpiece surface tangentially generating
strong shear impact and performing micro-removal of the material [46]. Chen et al.
[45] has introduced an advancement to AWJP by creating a new negative pressure

Fig. 10.6 Principle of Abrasive water jet polishing a polishing arrangement and b section contour
of erosion area [45]
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Fig. 10.7 Principle of negative pressure cavity jet polishing with a polishing arrangement and
b sketch of a cavity [45]

cavity jet polishing (NPCJP). The application of AWJP along with negative pres-
sure cavity technology allows diminishing air disturbance and improves polishing
accuracy. A closed polishing container provides a negative pressure space. Differ-
ential pressure allows the abrasive liquid to be ejected from the storage tank with
high speed creating a high-speed jet. The presence of negative pressure enhances the
cavitation effect causing more material removal and improvement of surface quality.
Figure 10.7 provides a schematic of NPCJP method. As a result, this innovation
may ensure superiority of NPCJP over conventional AWJP in terms of efficiency and
surface quality.

10.5 Development Trend and Research Challenges

It has been almost 30 years; CMPhas been implemented in the industries for thewafer
fabrication process. Although, the invention of CMP came as a last resort, currently,
this process can fabricate damage free wafer surfaces along with planer and mirror
surface. It will not be an exaggeration statement to consider CMP as far better process
compared to any other existing polishing process. Consequently, CMP technology
has grabbed the attention for the planarization of device wafers. However, CMP still
experiences several problems that need to be resolved before it can really offer its
best service to the industries.

As per the literature, research investigations have been attempted to optimize ideal
metal CMP slurry in order to achieve effective polishing of metallic layers, with opti-
mumMRR as well as uniformity and reduced surface defects, where the variation of
additive types, their concentration andpHof the slurrywere consideredmainly.Effec-
tive polishing also depends on other parameters such as oxidizing agents, chelating
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agent, corrosion agents and other chemical additives. However, recent environmen-
tal concern associated with the CMP process requires reduced slurry consumption.
Additionally, post CMP cleaning process also exploits CMP and contributes towards
chemical contamination due to the involvement of slurry. Therefore, large amount of
process waste associated with CMP appears to have negative environmental effects.
In order to address this hurdle, research efforts to develop next generation CMP
slurry free of corrosion inhibitors and abrasive for post CMP cleaning process has
been under investigation currently which will also help removing organic Cu residue
on thewafers. Nevertheless, CMP slurry experiences challenges when it comes about
new materials needs, complex integration schemes, or cleaning requirements. Bet-
ter understanding of the CMP slurry fundamentals using new strategies such as 3D
pH-potential diagram, or other chemistry studies may assists in verifying the device
yield of products [47].

By introducing copper interconnect instead of Al interconnects, and damascene
process, RC delay of the device can be reduced. It has been also predicted that fur-
ther reduction in RC delay can be achieved by deploying ultra low-k materials. ITRS
roadmap 2012 reported on the integration of low-k materials (such as dielectric value
of 2) into IC by 2025, which can replace existing oxide, ILD layer [48]. As a result,
it will reduce capacitance loss and increase the signal transmission rate. However,
these low-k materials faced challenges due to their relatively soft and weak nature
compared to metal. Therefore, buckling and crushing failure become inevitable for
both single and double damascene structure containing low k materials. Apart from
that, post CMP surface quality and planarity will be affected extensively due to
the different value of mechanical properties and polishing rates of Cu and low-k
materials. Hence, to address these issues connected with non-uniform polishing phe-
nomenon, and complex materials structures, researches on the development of new
technology/process that can accommodate stress free CMP and low downward force
CMP are indispensable [11, 49]. Moreover, the potential of CMP in the fabrication
of micro-electro-mechanical systems (MEMS), shallow trench isolation, back-side
polishing needs to be explored in the future as well. MEMS topography comes in
larger dimension usually along with the step height of 10 microns and features size
of few hundreds’ microns. Longer polishing time associated with MEMS enhances
issues such as pattern density and process instability. Moreover, there is a growing
trend for direct wafer bonding which joins anything with anything literally. However,
challenge arises as surface roughness requirements for such situation is below 1 nm
in order to achieve good bond [50].

With technological advancement, IC experiences the trend towards reduced size,
lower cost and higher integration. As per the ITRS report (Table 10.2), half pitch of
metalwill be further reduced to 5nmbyyear 2025.Alongwith the reductionof feature
size, the focus depth of the lithography process also needs to be shortened. Ultimate
chip failure occurs due to non-uniform lithography width caused by non-uniformity
of the wafer surface. In addition, transistors that can fit on single chip of ULSI
reached to over 1 billion. As with the increasing number of transistors per chip, an
increased number of interconnector layers is necessary. Multi-level interconnectors
are already in place for increasing the connection efficiency 0.65 nm node requires
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Table 10.2 Interconnect CMP demand from International Technology Roadmap for
Semiconductors (ITRS) [48]

Year Metal 1 wiring half pitch
(nm)

Number of metal levels Interval metal insulator
effective dielectric constant
k

2012 32 12 2.82–3.16

2013 27 13 2.55–3.00

2014 24 13 2.55–3.0

2015 21 13 2.55–3.00

2016 19 13 2.40–2.78

2017 17 14 2.40–2.78

2018 15 14 2.40–2.78

2019 13 14 2.15–2.46

2020 12 14 2.15–2.47

2025 7 16 1.6–2.00

9–10 interconnect layers, and when the size goes below 45 nm, this number exceeds
10. Eventually, node of 32 nm requires 12 interconnect layers while node of 22 nm
demands 13 layers of interconnector. Therefore, further challenges impose to CMP
process along with an increased number of interconnect layers which causes the
accumulation of non-uniformity. Moreover, the wafer dimension has been increasing
from200 to 300mmand recently to 450mm in order to enhance production efficiency
as well as to reduce chip cost. Although, current CMP technology in semiconductor
industries is sufficient for wafer size of 300 mm, achieving global planarity across
the whole wafer surface for larger size wafer will impose additional challenges for
current CMP technology [11].

Polishing efficiency varies or deteriorates with the polishing time. Therefore, pol-
isher conditioning is implemented as countermeasure, which shortens the life cycle
of polishing pad. On the other hand, polisher conditioning also makes it challenging
to identify the end of polishing with the aid of polishing time as reference. In order
to address this issue, it is necessary to develop higher efficiency as well as long-
lasting polishing pads. Other influential parameters to be considered are slurry, pad
materials, polishing pressure, removal rate and polishing pass. Deeper understand-
ing of these parameters can aid to improve the CMP efficiency. Additional global
planarization across the entire wafer surface as well as detection of end point will be
quite challenging for further improvement of the CMP process [51].

As CMP also causes material removal by abrasive action, material removal rate
varies with the hardness level of concerned materials. Workpiece consisting of more
than one type of materials suffers different rate of material removal rate. Usually
softer materials abrade faster than harder materials causing a generation of a concave
surface. Therefore, composite materials suffer from concavity and convexity, which
poses a challenge on the CMP process.
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10.6 Summary

CMP has been extensively used in the semiconductor and Integrated circuit manu-
facturing Industries and has remained a hot research topic until recently. Even though
CMP has been in the market for over decades, this process is still considered a com-
plex one due to the involvement of both mechanical and chemical aspects, which
are also affected by several factors. These factors that include carrier structure, pol-
ishing pad, slurry, and other process parameters affect the quality of final surface
polishing. Abrasive used along with slurry has a paramount effect on the process
performance and larger abrasive particle causes mechanical abrasion while chemi-
cal interaction is dominated in nano-scale range. Advancement in CMP has occurred
mainly in threemajor areas i.e. environmentally friendly efficient slurry, new types of
abrasives and new polishing methodology. With the reduction of feature size in the
IC device, an increment of wafer dimensions and usage of low k materials, CMP
faces increasing number of process challenges. Therefore, further precision technol-
ogy with pressure control provision and end point detection technology may have
a substantial bearing on the improvement of CMP process control.
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Chapter 11
Finishing of Curved Surface by Rotary
Abrasive Float Polishing

Alakesh Manna

Abstract The traditional polishing process can produce very good smooth surface
but the efficiency of this process is very low for polishing of ductile, hard and brittle
materials. Again, it is very difficult to generate mirror finish on irregular and curved
surface workpiece. The principle issues are geometrical shape, deviations in dimen-
sion throughout the surface and no repeatability of the procedure while polishing
these surfaces, therefore, it is essential to introduce a new polishing method which
can overcome the aforesaid problem. Keeping in view, a rotary abrasive float polish-
ing (RAFP) set-up has been design, fabricated and utilized for polishing of curved
surface specimens. This chapter presents the properties of Alloy 61S workpiece
material and fabrication of curved surface specimens by machining of Alloy 61S on
CNC Vertical Milling centre ANFORD ECO VP 850. This chapter also presents the
feasibility and applications of the novel polishing technique RAFP. Different concen-
trations abrasive slurry were prepared and used to finish the curved surface of Alloy
61S specimen. The effects of RAFP process parameters e.g. abrasive concentration,
rpm, time duration on reduction in surface roughness heights �Ra and �Rt have
been analyzed. The experiments were carried out based on Taguchi design of exper-
iments and optimized the RAFP process parameters for surface roughness heights.
Experimental results reveal 66.49% reduction in the surface roughness height, Ra

(µm). The scanning Electron microscope (SEM) study also reveals the improvement
in machined surface.
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11.1 Introduction

With the advancement, the application of curved surface in enterprises required
unpleasantness and shape precision. Again these are prerequisites for curved sur-
faces. The curved surfaces have been used in numerous engineering applications, for
example, frameworks that requires steady and high temperature safe optics which
can continue to any obscure vulnerabilities. Again, fabrication of high quality preci-
sion curved surface is becoming more important in defense industry. The needs for
freeform surface fabrication are widely recognized in the optics, aerospace, biomed-
ical and automotive industries. But fabrication of freeform surfaces are very difficult
and expensive because of involvement of advance multi-axis dedicated machining
centre and allied processes. Forming and cleaning of complex optical surfaces have
dependably been a test to the optical creation industry. The high precision diamond
turning is one of the processes can be used to create super finish curved surfaces,
however it is a costly process.Machining of curved and irregular surfaces are difficult
and costly besides this tight tolerance are utmost important in modern era. Precision
machining of complex and complicated shapes and/or sizes, machining of unable
to reach surfaces at micro or Nano levels with narrow tolerances demands to the
development and application of new advanced nonconventional machining process.
The application of well-known conventional machining processes such as WEDM,
EDM, and ECM etc. are not capable to produce mirror finished surfaces. Even these
processes have there on limitations based on predominance of selected processes and
produces poor surface finish. Subsequently an endeavour has beenmade to recognize
a financially cost effective finishing process for finishing of Al sample by designing
rotary abrasive float polishing setup.

Several researches have already worked on abrasive flow finishing processes and
explained about the consequences and effects of process parameters like number of
cycles, extrusion pressure and abrasive concentration on the output responses namely
surface finish during AFF. Rhoades [1] studied the basic principle of AFM and delin-
eated that the depth of cut primarily depends on extrusion pressure, abrasive grains,
relative hardness, and sharpness. The axial force in AFM are highly subjected to the
behaviour of the AFMmedium. The flow pattern of the abrasive medium depends on
the characteristics of the medium, machining parameters, as well as the shape of the
work piece and the tooling. Mali and Manna [2–5] review on abrasive flow finishing
processes, studied on AFM during finishing of Al/ SiCp-MMC work piece, simu-
lation and optimized the AFM parameters for surface finish and material removal.
They claimed that there was an improvement in the surface finish over conventional
machining. Molla and Manna [6] studied the effects of ECG parameters on Ra (µm)
during finishing of hybrid Al/(Al2O3 + Zr2O2)–MMC. Authors concluded that the
Ra reduced from 1.40µm to 96 nm by ECG process. Loveless et al. [7] discussed the
effects of AFM on surfaces created by turning, milling, grinding, and wire electrical
discharge machining. Authors claimed that the abrasive media viscosity consider-
ably affected the surface finish while extrusion pressure did not have a major effect
in this. Alitavoli andMehran (2005) studied on AFM and concluded that the material
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removal increases with increase in media flow speed, abrasive concentration, abra-
sivemesh size and number of cycles. The author also concludes that material removal
in aluminium is greater than brass for some input condition. Wang [8] discussed the
efficiency of abrasive gel in material removal and effect of it on the surface rough-
ness. Author proposed that the silicone rubber (or vinyl silicone polymer) as the best
material media for finishing of metal surface because of its cost effectiveness. Author
also concluded that 80% of the surface improvements occurs within the 5 number
of passes. Smaller sized abrasives produces better surface over large sized abrasives.
Song [9] examine the temperature dependence and its effect on surface roughness
in AFM. Author concluded that the media will have good machining performance
in the initial few cycles then media temperature rise quickly. They concluded that
the best workable temperature should be below 25 °C throughout the AFM. Jain and
Jain [10] use the stochastic simulation measure to analyze the active grain density in
AFM and concluded that the active grain density increases with increase in abrasive
concentration and active grain density are higher for a smaller grain diameter for
a specific concentration. This phenomenon has great impact on surface finish by
AFM. Gorana and Jain [11] studied the axial and radial forces during AFM using
a two components disc dynamometer and concluded that the extrusion pressure,
concentration of abrasive particles, average particle size affects the cutting forces
and active grain density. Authors concluded that the ploughing and rubbing are the
possible mechanism for removal of material, and reduction in the surface roughness
heights is linearly proportional to the force ratio (Fr/Fa). Kar and Ravi kumar [12]
developed a substitute media for AFM process from the different viscoelastic base
materials i.e. butyl rubber and natural rubber, silicon carbide abrasive and naphthenic
oil. Author concluded that the butyl rubber basemedia provides good performance as
compared to natural rubber based media. The surface finish increases with increase
in abrasive concentration but at high percentage (above 78%) of abrasive concen-
tration, the flow becomes difficult as well as carrier acts as an insufficient binder
to hold the abrasive. Sankar et al. [13] developed styrene butadiene rubber (SBR)
media and used it in the AFF process for finishing of Al-SiC MMCs. Author con-
cluded that the surface finish increases up to extrusion pressure 6 MPa, be hand that
the surface finish decreases. Surface finishing increases gradually with increase in
weight percentage of naphthenic oil up to 10% and then starts decreasing. Williams
and Rajurkur [14] performed experiments on extrusion abrasive flow finishing for
producing the parts of four side holes and a center hole and concluded that the
metal removal rate of the middle hole was 30% more than that inside holes. Sadiq
and Shunmugam [15] finished the external curved surface by rotation of pad with
abrasive-mixedMRfluid is pushed up and down. Authors conducted the experiments
on aluminium and austenitic stainless steel work pieces to understand the effect of
magnetic field and concluded that the improvement of surface finish is better for
rougher surface at high rotation speed and a reduction of surface roughness heights
is consistent with process duration. Reddy et al. [16] studied on centrifugal force
assisted abrasive flow machining (CFAAFM) and applied response surface method-
ology (RSM) to develop the mathematical relationships for material removal and
surface finish during finishing of cast Al alloy workpiece. Authors identified the
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improvement MR and SR significantly in centrifugal force assisted abrasive flow
machining as compared to abrasive flow finishing. Dabrowski et al. (1999) studied
on the electrochemically assisted abrasive flow machining (ECAFM) with several
solid electrolytes and various bonds Authors concluded that the abrasive properties
of the electrolyte can be increased by adding the Al2O3 and SiC powders, again
the consistence of the electrolyte can be maintained by adding the SiO2 enhance
surface finish. Omer Eyercioglu et al. [17] investigated on AFF during finishing of
DIN 1.2379 tool steel through prepared and utilized different types of abrasives and
claimed that the recast layer formed during WEDM was successfully removed by
AFM process. Wang andWeng [18] developed low cost and effective abrasive media
to increase the surface finish of the WEDM machined surface. Authors concluded
that the vinyl-silicone polymer has good deformation and low flow effect; it can flow
through the complicated holes easily, moreover it will not stick on the work piece
surface after finishing. The abrasive particles and vinyl-silicone polymer were mixed
uniformly to form the flexiblemedia and they claimed that the surface finish improve-
ment rate reaches to 84%. However, the polishing time might be several times longer
but the polishing efficiency is very good when new abrasive media are used in AFF.
Jha and Jain [19] finished the complex shape surface on developed magnetorheolog-
ical abrasive flow finishing set-up in nano domain. Authors claimed that the Ra is
30 nm on stainless steel work pieces. Singh and Shan [20] developed MAFM set-up
and effect of machining parameters on responses were studied. Authors concluded
that the magnetic field significantly affect the material removal and change in surface
roughness. Higher material removal and higher change in surface roughness heights
were identified during finishing of brass material at low flow rates of medium and
high magnetic flux density. They also claimed that the performance of MAFM was
much better over AFM. Jain et al. [21] optimized AFM and MAF parameters using
genetic algorithms. Authors developed a surface roughness model which can explain
the objective function of AFM process.

11.2 Preparation of Curved Surface Workpiece Specimens

The Alloy 61S is used as workpiece material. Alloy 61S commercially available as
tempered graded Al alloy. The EDX technique is employed to analyse the composi-
tion of the selectedworkpiece sample. Figure 11.1 shows the chemical composition of
Alloy 61S used for experiments through Energy Dispersive X-Ray Analyser (EDX).
Figure 11.2 shows the optical micrograph, which represents the distribution of ele-
ments in the Alloy 61S workpiece material. Utilized the SOLID WORKS 2016 and
created the 3-Dmodel of curved surface before machining on vertical milling centre.
Figure 11.3 shows the generated curved surface on SOLID WORKS 2016.

The curved surface specimens were prepared as per the dimension Fig. 11.3c on
CNC Vertical Milling centre ANFORD ECO VP 850. Figure 11.4 shows the CNC
VerticalMilling centre ANFORDECOVP 850 used for machining of curved surface
on Alloy 61S material. The machines has vertically oriented spindles that approach
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Fig. 11.1 EDX of workpiece material

Fig. 11.2 Optical micrograph of Alloy 61S workpiece specimen

workpiece mounted on its table. The surface roughness heights, Ra (µm) and Rt

(µm) of the machined curved surface were measured by utilizing the Surtronic 3
Plus curved surface measuring instrument. The average measured surface roughness
heights, Ra (µm) and Rt (µm) after machined on vertical milling centre were 0.758
and 4.21 µm respectively. The SEM images were taken with different magnification
to analyze the machined curved surface texture. Figure 11.5 shows the SEM images
of machined surface machined by CNC Vertical Milling at different magnification.
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(a)                                                          (b) 

(c)

Fig. 11.3 a, b and c Different views of generated curved surface of the workpiece sample created
on SOLID WORKS 2016

11.3 Polishing of Curved Surface

The rotary abrasive float polishing (RAFP) set-up has been designed, fabricated and
utilized for polishing of curved surface prepared by CNC vertical milling operation.
The fabricated RAFP setup has a motor which provides rotational motion to the
spindle of capacity up to 10,000 rpm. The spindle mounted polishing brash i.e.
scrubbing pad can rotates up to 10,000 rpm. For effective polishing of workpiece
specimen surface, it is important to vary the spindle speed i.e. scrubbing pad rotational
speed and carried out the experiments. For variation of motor spindle speed i.e.
variation of scrubbing pad speed a DC potentiometer is connected with the main DC
supply. The preliminary experiments were carried out with varying the scrubbing
pad speed from 2000 to 10,000 rpm and polishing the curved surface. Table 11.1
represents the preliminary experiments condition used for polishing of curved surface
by developed rotary abrasive float polishing set-up. Figure 11.6 shows the polishing
of curved surface utilized fabricated abrasive float polishing setup.
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Fig. 11.4 CNCverticalmilling centreANFORDECOVP850 used formachining of curved surface
on Alloy 61S workpiece specimen

(a)                                                              (b) 

Fig. 11.5 SEM images of machined curved surface machined by CNC vertical milling centre

The polishing of Alloy 61S curved surface was done by rotary abrasive polishing
setup with prepared Al2O3 abrasive slurry. The Al2O3 is an electrically insulating
material, however it has a moderate thermal conductivity (40 W/m K). It is normally
available in crystalline shape, called corundum or aluminium oxide, high hardness
makes it an abrasive. The abrasive slurry was prepared by mixing of unused trans-
former oil, water and pulpwithAl2O3 abrasive powder. Three different concentration
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Table 11.1 Preliminary
experiments condition used
for polishing

Input voltage 230 V, AC

Power 250 W

Scrubbing pad rotational
speed varied

2000–10,000 rpm
(2000, 4000, 6000, 8000 and
10,000)

Continuous polishing time 20–240 s
(20, 40, 60, 80, 100, 120, 140,
160, 180 s)

Concentration of Al2O3
abrasive powder

15–50 g/l
(15, 20, 25, 30, 35, 40 g/l)

Fig. 11.6 Abrasive float
polishing setup used for
polishing of curved surface

abrasive slurry were prepared and used for experiments. A fixture was specially fab-
ricated to hold the workpiece specimen. Polishing operations were carried out with
different RPM on rotary abrasive float polishing set-up. A tachometer was used to
measure the spindle speed during polishing. Table 11.2 represents the developed
rotary abrasive float polishing set-up parameters and their levels used for Taguchi
design based experiments.

Table 11.2 Parameters and their setting values

Sr. no. Symbol Machining parameters Levels Unit

1 A Abrasive quantity 21 30 40 g/l

2 B Rotation per minute 3500 7000 10,000 rpm

3 C Time duration 40 80 120 s
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11.4 Results and Discussions

Experiments were carried out based on Taguchi design of experiment L9(34) orthog-
onal array. Figure 11.7 shows the polished curved surface work piece specimen after
polishing by fabricated developed rotary abrasive float polishing setup. The surface
roughness heights, Ra (µm) and Rt (µm) of the polished curved surface were mea-
sured by utilizing the Surtronic 3 Plus curved surface measuring instrument. The
lowest measured surface roughness heights, Ra and Rt after rotary abrasive float
polishing were 0.079 and 0.86 µm respectively. Table 11.3 represents the devel-

Fig. 11.7 Workpiece
specimen after finishing by
rotary abrasive float
polishing set-up

Table 11.3 Experiments based on L9(34) orthogonal array and experimental results

Sr. no. Abrasive
concentration

Rotation per
minute

Time duration Surface
roughness height
(Ra, µm)

Surface
roughness height
(Rt, µm)

1 21 3500 40 0.218 1.47

2 21 7000 80 0.167 1.09

3 21 10,000 120 0.101 0.94

4 30 3500 80 0.207 1.32

5 30 7000 120 0.113 1.12

6 30 10,000 40 0.091 0.98

7 40 3500 120 0.139 1.18

8 40 7000 40 0.092 0.97

9 40 10,000 80 0.079 0.86
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oped rotary abrasive float polishing parameters, their setting values and experimental
results for surface roughness heights, Ra (µm) and Rt (µm).

11.4.1 Effect of Developed RAFP Parameters on Surface
Roughness Heights

In this section, acquired results were utilized to draw the effect graphs i.e. effects of
RAFP parameters on surface roughness heights, Ra and Rt (µm). Figure 11.8 shows
the effect of scrubbing pad rpm on surface roughness heights, Ra (µm) and Rt (µm).
From Fig. 11.8, it is clear that with the increased of scrubbing pad rpm the surface
roughness heights Ra (µm) and Rt (µm) both decreased. It is may be due to increase
in kinetic energy which is essential to fracture or flatten the surface peaks and remove
the debris from the curved surface.

Figure 11.9 show the effect of abrasive concentration (g/l) of slurry on surface
roughness heights, Ra (µm) and Rt (µm). From Fig. 11.9, it is clear that the surface

Constant Abrasive 
Concentration: 30 g/l
Constant time of polishing: 80s

Constant Abrasive 
Concentration: 30 g/l
Constant time of polishing: 80s

Fig. 11.8 Variation of surface roughness heights, Ra (µm) and Rt (µm) with scrubbing pad RPM

Constant rpm: 6000 rpm
Continuous polishing time: 80s

Constant rpm: 6000 rpm
Continuous polishing time: 80s

Fig. 11.9 Variation of surface roughness height, Ra (µm) and Rt (µm)with abrasive Al2O3 powder
concentration
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roughness heights, Ra (µm) and Rt (µm) both decrease with increase in abrasive
concentration. It is may be due to large number of abrasive particles present in
the abrasive slurry there by increases number of cutting edges and hence increase
material removal as well as removal of debris from the curved machined surface,
enhance surface finish. The variation of surface roughness, Ra (µm) and Rt (µm)
with time of continuous polishing plots were drawn (not shown) and identified that
the surface roughness heights, Ra (µm) and Rt (µm) both decrease with increase in
time duration i.e. time of continuous polishing. It is may be due to by increase of
time duration increases the duration of contact of cutting edges and remain in action
for long duration of time, enhance the surface finish.

11.4.2 Optimal Parametric Contribution for Surface Finish

The S/N ratio was calculated based on ‘Lower-the-Better (LB)’ criteria for surface
roughness heights, Ra & Rt (µm) and relation as follows:

S/N Ratio for (LB) = η = −10 log10

[
n∑

i=11

y2
]

(i = 1, 2, 3, . . . , n) (11.1)

Utilized the above mentioned Eq. 11.1 and acquired results calculated S/N ratio
(dB), and draw the S/N ratio graphs for Ra (µm) and Rt (µm). Figure 11.10 shows the
S/N ratio (dB) graphs for Ra (µm). From Fig. 11.10 identified the optimal parametric
combination for better surface finish, Ra (µm) is A3B3C3 i.e. at 40 g/l abrasive slurry,
10,000 rpm scrubbing pad rotational speed and 80 s continuous polishing.

In S/N ratio graphs Fig. 11.10, Parameter A: abrasive concentration (g/l slurry),
Parameter B: scrubbing pad rotational speed (rpm), Parameter C: Time in second for
continuous polishing (s). Similarly, the S/N ratio was calculated based on ‘Lower-
the-Better (LB)’ criteria and Eq. 11.1 for surface roughness height, Rt (µm) and
plotted the graphs (not shown). From the S/N ratio (dB) graphs identified optimal
parametric combination for better surface finish, Rt (µm) which is A3B3C3 i.e. at
40 g/l abrasive slurry, 10,000 rpm scrubbing pad rotational speed and 80 s continuous
polishing.

11.4.3 SEM Images of Polished Curved Surface

Figure 11.11a, b show the SEM images of Alloy 61S curved surface specimens after
polishing. Figure 11.11a shows the polished surface on developed rotary abrasive
float polishing set-up at 3500 rpm scrubbing pad rotational speed, 30 g/l abrasive
concentration and for 80 s continuous polishing. Figure 11.11b shows the polished
surface on developed rotary abrasive float polishing set-up at 10,000 rpm scrubbing
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Fig. 11.10 S/N ratio graph

(a) (b)

Fig. 11.11 SEM micrographs images of finished curved surface after polishing

pad rotational speed, 20 g/l abrasive concentration and for 120 s continuous polishing.
Figure 11.5 shows the SEM images of milled curved surface, where it is found that
major part of the peaks due to ploughing during milling on CNC vertical milling
centre. Comparing the SEM images before and after polishing Figs. 11.5 and 11.11,
it clear that very good surface finish can be possible to achieve on curved surface by
rotary abrasive float polishing technique.
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11.5 Summary

Based on the experimental results during generation of curved surface by CNC
milling and finishing of curved surface by developed rotary abrasive float polishing
set-up, it is concluded that the CNCVertical milling centre can be used for generation
of curved surface onAlloy 61Sworkpiecematerial and rotary abrasive float polishing
technique can be effectively used to polish the curved surfaces. The averagemeasured
surface roughness heights, Ra and Rt after machined by vertical milling centre were
0.758 and 4.21 µm respectively. The lowest measured surface roughness heights,
Ra and Rt after rotary abrasive float polishing were 0.079 and 0.86 µm respectively.
Experimental results revealed that the considerable improvement in the surface finish
Ra and Rt, when finishing was done by rotary abrasive float polishing over milling of
curved surface. The reduction of surface roughness height, Ra (µm) is 86.06% with
respect to the milled surface roughness height 0.758 µm. The reduction of surface
roughness height, Rt (µm) is 79.57% with respect to the milled surface roughness
height 4.21µm.The optimization of the developed rotary abrasive float polishing set-
up can help to set the parameters in actual practice and to get the better surface finish.
The Scanning Electron Microscopy (SEM) images also revealed the improvement
in surface finish.
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