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ABSTRACT

Over recent years a significant amount of rese&idh been undertaken to develop a
process which can machine the component with hilyjlieand surface finish (Ra value).
AFM is a relatively new process in the field of neod machining/finishing. It offers
brilliant surface finish, economy and dimensionatwacy of the machined parts. Its
applications have rapidly diversified into the autbile, pharmaceutical, chemical,
production, defence, space and aeronautics industry

In this report, a thorough study of present devalenpts in the field of AFM was
carried out. The indigenous new vertical doublenactAFM setup is designed and
developed with varying ranges of process parameiaso particles have extraordinary
properties over available abrasives, so to enh&fReand surface finish nano particles
can be used. Nanotubes find applications as additiv various structural materials so an
attempt is made to CNTs as abrasive with theeraamnd Aj}O; to machine the cast iron
workpiece.

Study and synthesis of iron filled CNTs is discussed it is characterized
through Transmission Electron Microscope (TEM) ie&gin this study an endeavour
was carried out to develop media (carrierX+CNTS) as an alternative to the exiting
available media. Experiments have been conducted tise Taguchi b OA method and
the relevant dependencies have been found out oyirgg out ANOVA analysis It is
found that the developed media is flexible to bedum AFM process and performance
study reveals that the developed media yields & goadace finish and material removal
(MR).
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CHAPTER 1
INTRODUCTION

1.0 Introduction

Technology is emerging and advancing day by dap wie demand for highly
accurate, precise and highly efficient machiningcpss for advanced industries from
critical aerospace and medical components to messugtion automobile parts. This
process has capability of finishing even the mosteas which are not accessible,
processing multiple, slots or edges , holes in operation[1]. The development of
materials having higher strength, hardness, tougfhaad other desired properties. This
also needs to develop the advanced cutting toolsrrabwhich can ease the process and
are economical without compromising productivity.

The application of advanced abrasive finishindgitégue are increasing so as to
get the highly accurate and highly efficient maahgnof complex shaped 3D components
with nano level surface finish.

Abrasive finishing can be employed to finish mo#chmnical parts with shape
limitations. Initial surface roughness of 0.25umdan be improved easily to 0.05 um
within a few minutes. In addition AFM process haany attractive advantages, such as
self sharpening, self adoptability, controllabilignd finishing tool requires neither
compensation nor dressing.

There are various abrasive particles like@ISiC, CBN, diamond powder etc.
are available which are being used for abrasivsting process. To increase the MR and
surface roughness, the abrasive are made magnetature with ferromagnetic material
by various techniques like sintering, mechanicading using ball mill etc.

The CNTs filled with ferromagnetic particle islyesized with Chemical Vapor
Deposition(CVD) techniqgue and it is characterizdtough Scanning electron
microscope (SEM) and Transmission Electron Micrpe¢®EM) images to observe

different characteristics behaviour and feasiptlt machine.



1.1Non-traditional manufacturing processes

Since beginning of the life on earth, people hax@ved energy sources and tools
to power these tools to meet the requirements &kimg the life easier. In the early stage
of human beings, tools were made of stone for ¢akion of products. When tools were
invented, desirable metals and more sophisticateidles were produced. Earlier
products were made from durable and consequemtigaghinable materials. In an effort
to meet the fabrication challenges created by themsterials, tools have now developed
to include materials such as steel alloy, carbieEramics and diamond. A similar
evolution has taken place with the methods usqubteer our tools. Initially, tools were
powered by muscles; either human or animal. Howagethe powers of water, wind,
steam and electricity were harnessed, human bemg® able to further extend
manufacturing capabilities with new machines, aacuyrand faster machining rates. The
traditional manufacturing processes in use todayrfaterial removal basically based on
electric motors and hard tool materials to perféasks such as drilling, boaring, milling
and broaching. Conventional forming operations @egformed with the energy from
pneumatics, hydraulics, electric motors and gravitjikewise, material joining is
conventionally achieved with thermal energy sousigsh as burning gases and electric
arcs. In contrast, non-traditional manufacturingpgesses harness energy sources
considered unconventional by yesterday’'s standddserial removal could be achieved
with electro-chemical reaction, plasmas and higloory jets of liquids and abrasives
particles. Materials those were in the past haen lextremely difficult to form, are now
formed with explosives and the shock waves frorangjrelectric sparks and magnetic
fields. Material-joining capabilities have been arged with the use of high-frequency
sound waves and beams of electrons and coheréxt Dyring the last 50 years, over
more than 20 different non-traditional manufactgrprocesses have been invented and
successfully implemented into production. The nonventional manufacturing
processes are not affected by toughness or betfenhardness of material and can
produce any intricate shape on any work piece mahtby suitable control over the
various physical parameters of the processes. Towe-traditional manufacturing

processes may be classified on the basis of tymnefgy namely, electrical, chemical,



mechanical, thermal or magnetic, apply to the wadce directly and have the desired
shape transformation or material removal from therkwsurface by using different

scientific mechanism. Thus, these non-conventigrakesses can be classified into
various groups according to the basic requirem&htsh are as follows:

(i) Type of energy required, namely electrical, treaucal, chemical etc.

(i) Basic mechanism involved in the processesg lilonic dissolution, erosion,

Vaporization etc.

(i) Source of immediate energy required for metieremoval, namely, hydrostatic

Pressure, high voltage, high current density, iethimaterial, etc.

(iv) Medium for transfer of those energies, likglhivelocity particles and electrolyte,

Electron, hot gases, etc. On the basis of abowérssgents

(a) Ultrasonic Machining-Ultrasonic Machining is a non-traditional processwhich
abrasives contained in slurry are driven againetwrk by a tool oscillating at low
amplitude (25-100 pm) and high frequency (15-30 KHkhe process was first
developed in 1950s and was originally used forsfimg EDM surfaces. The basic
process is that a ductile and tough tool is pustgainst the work with a constant force.
A stream of abrasive slurry passes between theamdlthe work (gap is 25-40 um) to
provide abrasives and carry away chips. The mgjofithe cutting action comes from an
ultrasonic (cyclic) force applied. The basic comgats to the cutting action are believed
to be, brittle fracture caused by impact of abrasyrains due to the tool vibration;

cavitations induced erosion; chemical erosion cailsgeslurry.

(b) Jet Machining In jet machining, high-velocity stream of water (MfaJet Cutting) or
water mixed with abrasive materials (Abrasive Watr Cutting) is directed to the work
piece to cut the material. If a mixture of gas atwlasive particles is used, process is
termed as Abrasive Jet Machining and is used natutothe work but for finishing

operations like cleaning, polishing ,deburring.

(c) Water Jet Cutting Water Jet Cutting (WJC) uses a fine, high-pressigh velocity

(faster than speed of sound) stream of water dideat the work surface to cause slotting



of the material: Water is the most common fluiddydsut additives such as oil products
and viscous glycerol are added when they can Is®ldesd in water to improve the fluid
characteristics. The fluid is pressurized at 150a1BPa to produce jet velocities of 550-
1400 m/s. The fluid flow rate is typically from 0t6 2.5 I/min. The jet has a well

behaved central region surrounded by a fine mist.

(d) Abrasive Water Jet Cutting (AWJC) In Abrasive Water Jet Cutting, a narrow,
water jet is mixed with abrasive particles is imacwith very high pressures resulting
in high velocities that cut through all material$ie presence of abrasive particles in the
water jet reduces cutting forces and enables guttinthick and hard materials (steel
plates over 80-mm thick can be cut). The streamoiglis up to 90 m/s, about 2.5 times
the speed of sound Abrasive Water Jet Cutting poees developed in 1960s to cut
materials that cannot withstand high temperatuoesstress distortion or metallurgical
reasons such as wood and composites, and matevialsh were difficult-to-cut
traditionally. e.g. glass, stones, ceramics amahitiim alloys. The common types of
abrasive materials used are quartz sand, silicopbideg and corundum , at grit sizes

ranging between 60 and 120

(e) Abrasive Jet Machining (AJM) In Abrasive Jet Machining, fine abrasive particles
(typically ~0.025mm) are accelerated in a gas stré@mmonly air) towards the work
piece surface. As the particles impact the workeigurface, they cause small fractures,
and the gas stream carries both the abrasive learénd the fractured (wear) particles
away. The jet velocity is in the range of 150-30% rand pressure is from two to ten
times atmospheric pressure. The preferred abrasaterials involve aluminum oxide
(corundum) and silicon carbide at small grit siZEse grains should have sharp edges
and should not be reused as the sharp edges anedawn and smaller particles can clog
nozzle.Abrasive Jet Machining is used for debarring, etghiand cleaning of hard and
brittle metals, alloys, and non-metallic materiéésg., silicon, glass, ceramics and

germanium ).



(f) Electric Discharge Machiningthis is one of the most widely used non-traditional
processes. A formed electrode tool produces thpesbhthe finished work surface. The
sparks occur across a small gap between tool ankl suwoface. The machining must take
place with dielectric fluid, which makes a path &ach discharge as the fluid becomes
ionized in the gap. The fluid, quite often keroséased oil is also used to flush the
debris. The arc is generated by a pulsating doeatent power supply connected to the
work and the tool. Electrode materials are highperature, but easy to machine, thus
allowing easy manufacture of intricate shapes. dalpielectrode materials include
graphite, copper and tungsten. The process is lmasatklting temperature, not hardness,

so very hard materials can be machined this way

(g) Wire Electric Discharge MachiningWire EDM is a special form of EDM that uses
a small diameter wire as the electrode to cut makerfs in the work. The work piece is
fed continuously and slowly past the wire in ortlerachieve the desired cutting path.
Numerical control is used to control the work-padtions during cutting. As it cuts, the
wire is continuously advanced between a supply Isapd a take-up spool to present a
fresh electrode of constant diameter to the wohks helps to maintain a constant kerfs
width during cutting. Wire EDM must be carried auith dielectric fluid. This is applied
by nozzles directed at the tool-work interface asthe figure, or the work part is
submerged in a dielectric bath. Wire diameters e@aingm 0.08 to 0.30 mm, depending
on required kerfs width. Materials used for theeaimclude copper, brass, tungsten, and
molybdenum. Dielectric fluids include demonized erabr oil. As in electric discharge
machining, an overcut in the range from 0.02 t&0rin exists in wire EDM that makes

the kerfs larger than the wire diameter.

(h) Laser beam machining (LBM)- Laser beam machining (LBM) uses the light energy
from a laser to remove material by vaporization ahtion. The types of lasers used in
LBM are basically the carbon dioxide (CO2) gas fesdasers produce collimated
monochromatic light with constant wavelength. InNLRl of the light rays are parallel,
which allows the light not to diffuse like normigght. The light produced through the

laser has significantly less power than a normaitavhght, but it would be highly



focused, thus delivering a significantly highemhligntensity and respectively temperature
in a very localized area. Lasers are being used fa@riety of industrial applications like
heat treatment, welding, and measurement, as wellrmimber of cutting operations such
as drilling, slitting, slot cutting, and markingexations. Drilling micro-diameter holes is
possible, down to 25 um. For larger holes, therlsseontrolled to cut the outline of the
hole. The range of work materials that can be nmechiby Laser Beam is virtually
unlimited including metals with high hardness atrdrggth, ceramics, soft metals, glass,
plastics, rubber, wood and woddBM can be used for 2-Dimensional or 3-Dimensional
workspace. The LBM machines typically have a laseunted, and the laser beam is
directed to the end of the arm using mirrors. Msrare often cooled (water is common)

because of high laser powers.

(i) Electron beam machining (EBM) - Electron beam machining (EBM) is one of
several industrial processes that use electron fekiectron beam machining uses a
high-velocity stream of electrons focused on thekwmece surface to remove material
by melting and vaporization an electron beam gunegsdes a continuous stream of
electrons that are focused through an electromaxgieets on the work piece surface. The
electrons are accelerated with voltages of appi®X,000 V to create velocities over
200000 km/sec. The lens is capable of reducingatea of the beam to a diameter as
small as 25 micron. On impinging the surface, thE &f the electrons is converted into
thermal energy of extremely high density, which aéges the material in a much
localized area. EBM must be carried out in a vacwlmamber to eliminate collision of
the electrons with gas molecules. Electron beamhimang is used for a variety of high-
precision cutting applications on any known materplications include drilling of
extremely small diameter holes, down to 50 um dtamse drilling of holes with very
high depth-to-dia ratios, more than 100:1, andirgitdof slots that are only about 25 pum
wide. Besides machining, heat treatment and weldimegother significant applications of
the technology. The process is generally limitedexy thin parts in the range from 0.2 to
6 mm thick. Other limitations of EBM are the needperform the process in a vacuum
which require the high energy and the expensivépeent.



() Abrasive Flow Machining (AFM) - In abrasive flow machining, the viscous elastic
media flows through the workpiece, performing emwsAbrasive particles in the slurry

contact raised features on the intricate surfacéghefworkpiece and flush them. The
slurry is forced through the workpiece by meansgdraulic ram to the shape of the
workpiece. The maximum amount of material remowa&uped in areas where the flow of
the slurry is restricted; according to Bernoul#'snciple, pressure and flow speed of the
fluid increase in these areas, facilitating a highwterial removal rate.The pressure
exerted by the fluid on all contacting surface® akssults in a very uniform finish. The

detailed process and its classification is disaligs¢his report.

1.2 Basic principle of AFM

In abrasive flow machining, the abrasive fluid feowhrough the work piece,
effectively performing erosion. Abrasive particiesslurry contact raised features on the
surface of the work piece and flush them. The figiforced through the work piece by
a Hydraulic ram where it acts as a flexible fileputding itself precisely to the shape of
the work piece surface. The highest amount of rnatesmoval occurs in areas where the
flow of the fluid is restricted; according to Bewllds principle, the speed and pressure
of the fluid increase in these areas, facilita@ngigher MMR. The pressure exerted by
the fluid on all contacting surfaces also resuttsaaivery uniform finish. AFM may be
performed once, as a one-way flow process, or teggaas a two-way flow process
(double acting). In the two-way flow process, aeresir of medium exists at either end
of the work piece, and the medium flows back amthfthrough the work piece from
reservoir to reservoir.
1.3 Classification of AFM
1.3.1 One way AFM process

In one way [2] AFM process the media is extrudeside the work piece only in
one direction. For this purpose the setup has sallidally actuated reciprocating piston
and an extrusion medium chamber adapted to reegigeextrude medium unidirectional
across the internal surface of the work piece rgwimernal passage formed therein.
Piston direct the media through the internal passeHghe work piece while a medium

collector collects the media as it is extruded thwbugh the work piece. The extrusion
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media clamber is provided with an access port to perioljicaiceive medium from th
collector into extrusion medium chamber. The hytically actuated pisto
intermittently withdraws from its extruding pcion to open the extrusion me chamber
access port taollect the medium in the eusion mediachamber. When the extrusi

medium chamber isharged with the working me, the operation is resume

Hydraulic cylindar

Figure 1. Schematic of One —way AFM[3]
1.3.2 Two-wayAFM process

Two ways AFM machine [4 has two hydraulic cylinders antwo medium
cylinders. The medisg extruded, hydraulically or mechanically, frone thiled chambe
to the empty chamber via the restricted passagetvayugh or past the work [ce
surface mounted in fixture be abraded (Figurg). Typically, the medium is extrud
back and forth beteen the chambers for the predetermifixed number of cycles
Counter bors, recessed areas and even inacce cavities can be finished by usi

restrictors or mandrels to dct the medium flow along the surfaces to be finik

STREAMER
(medium)

clamped
DIE

Figure 2.Schematic of two way AFM[5]
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1.3.3 Orbital AFM

In this process good surface finishing is obtaibgdproducing low-amplitude
oscillations of the work piece [6].The tool consiatlayer of abrasive-laden elastic plastic
medium (i.e. same as used in two way abrasive filmishing), and has a higher viscosity

and more elastic in nature.

Orbital
Vibrations

Workpiece

Displacer

Medium

Piston

+
Figure 3.Operational set up of Orbital AFM [6]

1.4 Elements of abrasive flow machining

Abrasive flow machining required some elements eédfqvm the process. The
various elements are fixture or tooling, the maehiand abrasive laden media. The
abrasive media determines what kinds of abrasienrpthe fixture determines the exact
location of the abrasion, and machine decides #tene of abrasion as the abrasive
particles are responsible for direct abrasion actan the surface and fixture is
responsible for holding the work piece against dbeasive particles. Pressure, type of

drill bit decides the force by which abrasive paes strike the surface.

1.4.1Fixture

Steel, urethanes, aluminum, nylon, teflon are tla¢emal that can be used to make
fixture. Aluminum and nylon are easily machinahightweight materials so they are
perfect for fixture material. Steel is rarely usadd used only for its strength and
durability.

Fixture design is often a very important factoachieving the desired effects from

the AFM process as the design of fixture dependshenshape of work piece. In this



project the work piece is cylindrical so a propesidn of fixture is used which can holt
cylindrical work piece. Basic functions of fixtuf7] include:
Holding the workpiece in proper position between the media cylis.
Directing media flow to and from the areas of thetpo be worked on, durii the
process cycle.
Protecting edges or surfaces from abrasion duesttianflow by acting as mechanical
mask.
Providing arestriction in the media flow path to control thedra action i selected
areas.
Containing the media and completing the cl-loop system required f multiple
machinecycle operation without loss of mec

If AFM is used to process external edgesurfaces, the tooling contains the par
the flow passage, restricting the flow betweendkeerior of the part and the interior
the fixture. Any number of parallel restrictionsnche processed simultaneously w
uniforms results. To maximize proctivity, fixture can be designed for batch produit

processing of many parts simultaneously if theifiguration and size perrr

Figure 4. (a),(b) Nylon Fixtures used in AFM setup

1.4.2 Aorasive medie
This technique uses a r-Newtonian liquid polymer containincbrasive particles

of Al,Os, SIC, boron carbide or diamond as igrinding medium and additives]. The
viscosity and the concentration of the abrasivesbmavaried Most widely used cier is
a high viscosityfluid. The basematerials havenough degree of cohesion and tenacil
drag the abrasive grains along witlthrough various passages.,0O; and SiC are most

suitable abrasives for many applications but Ciloion nitride (CBN) andiamond are
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specifically used for special applications. Abrasparticles to base material ratio car
varying from 2 to 12.Abrasive are available in diffint mesh sizes. The abrasive h
limited life. AS a thumb rule, when the media haachined an anunt equal to 10% of
its weight, it must be discarded. Machined partsugh be properly cleaned before u
by acetone.The additives are used to enhance the base ( to get the desired
flowability and rheological characteristic of theedma.

The newy developed media which havirAL,03; (180 mesh size polymer and
hydrocarbon gel is mixed properly in predetermipeaportion to get the viscous elas
media which can machine effectiv. Hydrocarbon gels are commonly used lubricani
the media. Alladditives are carefully ended in predetermined quanti to obtain

consistent formulatio

Figure 5.Abrasive laden Media (carrier+f&);+CNT) used for trial

1.4.3 Machine setup

All AFM machines regardlesof size are positive displacement hydra
systems, where work piece is clamped between twiically opposed media cylinde
By repeatedly extruding media from one cylinderthe other, an abrasive action
produced whenever the media enters and s through restrictive passage as it tra
through or across the work piece.AFM machine cdstiovo crucial parameters fi
determining the amount of abrasion, the extrusieesgure and the media flow ra
Standard units operate within 10 bar to 20( pressure range with flow ra up to 400
liters/minute. The syster are essentially provided with controls on hydic system

pressure, clampingnaclamping oftooling or fixtures, volume flow rate of abrasi
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media, and advance and retract of media ns. Programmable microprocessor con
unit can be used to monitor and control additigpralcess parameters at the mach
such as media temperature, media temperature, msdiasity, abrasive wear, and flc
speed. Several accessories such as pening stations, automatic flow timers, cy
counters, pressure and temperature compensatedctiowol valves, automatic mec
lubricant replenishment, and media heat exchangats may also be integrated to -

conventional AFM systems for productiapplications.

Hydraulic Cylinder

End Plate

Holding Pillar

Media Cylinder

Pressure Gange

£ 2\
& &@

-

Control Lever

Pressure Relief Vakee

il Tank

Machine Base

Figure 6.Vertical double acting AFM machine setup
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1.5 AFM applications
(A) INTERNAL EDGE CONTROL

The Abrasive Flow Machining (AFM) process provides a controlled and repeatable
method for burr removal and surface finish enharegnat hole intersection(s) and
difficult to reach surfaces. Irregular shapes, fodnd intersecting surfaces can be
deburred or even polished with precision and ptatle results in places that are
impossible to reach by virtually any other meti#Ad€M removes the burrs and enhances
the adjacent surfaces by flowing the selected alwasaterial on the target surface/edge
and is typically limited ONLY by hole size coupledth the particulate size of the

chosen abrasive.

Figure 7.Internal Edge finished component [9]

(B) MOLDS AND DIES

* Metal forming

* Glass forming

» Plastic applications
Critical, forming surfaces may be enhanced as magl{X10) on many applications.
EDM'’s surfaces (all types), milled surfaces andugib surfaces can be consistently and
uniformly polished to a very low Ra to further enba speed and overall quality and

production efficiency while maintaining criticallémances.
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(a)

Figure 8.(a),(b)New glass moulds (dies and moulds

(C) AERONAUTICAL COMPONENET MANUFACTURING

* Increased fatigue strent

» Higher performance and efficier
Abrasive Flow Machining will precisely remove t“recast layers” of material resultir
from the thermal characteristics of laser and EDMtieg techniques in many hi-
strength applications. Improved surface integrityhwenhanced eddy current readi
resuls in more reliable components. Accu andrepeatable edge control, regardles:
configuration, typically equates to less flow rémmce and enhanced cycle fati

strength.

Figure9.Critical aircraft hydraulic and fuel system compats [9

(D) ULTRA CLEAN
* Food processir
* Semiconductor (frorend) equipment
* Pharmaceutical manufactur

» Ultra-clean or high purity devic

14



Polishing surfaces to mirr-like requirements minimizes the amount of microsc:
and/or inaccessible areas that enable contaminati@mtrapment. Ult-smooth surface
finishes greatly diminish the areas of concernsianface absorptiorforeign particulate,
chemical contaminar and bacteria. ThAFM process minimizes “flo-retardation” due
to machining and/or dies and mould “microgroov
AFM allows fa extrem« fine finishes on intricatgeometry and difficu-to-reach surface

configurations often found in prosthetic applicas@and in a broad range of mater

(E) INTERNAL COMBUSTION ENGINE

» Diesel engine

e Automotive
A high-pressure fuel injectiorystem’s life cycle can be extended through Abrasgilav
Machining by reducing surface cracks and more umfsurface finishes in critical are
of fatigue failure. Reduction of resistance in fuel and exhaust passag#ance
performance and efficiencwhile maintaining critical tolerance parameters.oBther
intake passages allow feeffective mixing of air/gashigher efficiency and a mo
powerful engine.

Figure 10 Automotive components [9]
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CHAPTER 2

LITERATURE REVIEW AND PROBLEM FORMULATION

Finishing process is a very necessary processnfpnanufacturing industries. Finishing
operation is not only time consuming but also vepstly process. In some cases
finishing operation is done manually. Some time vadrhandling causes serious health
problem. Some time the mechanical parts are verngpbex and it is very difficult to

finish such part manually by conventional methodlBM is such process which is the
right answer of above problems. This AFM procegdaces a lot of manual finishing

process leading to more standardization of manufedtpart. Further the effectiveness of

AFM can be increased by changing the concentrati@brasive in media.

2.1 Major areas of AFM research
A lot of work has been done to study the effectémgfortant AFM process parameters.
Some the work has been reported as under:
2.1.1 Extrusion Pressure

It has been found that cutting is faster at aneased extrusion pressure, with all
other parameters remaining constant. A part of fessure is lost within the media due
to its internal resistance to flow and rest is ing@ to abrasion particles contacting the
work piece surface [10]. Jain and Jain [11] repmbrtbat at higher pressure the
improvement in material removal just tends to dizbiprobably due to localized rolling
of abrasion particles
2.1.2 Number of Process Cycles

A number of cycles are required to achieve therddsurface finish and material
removal. It has been reported in a number of stutifiat abrasion is more pronounced in
some initial cycles after which improvement in sheaface finish stabilize or reduce in
some cases [10, 12, and 13]. Total number of geocgcles range from one to several
hundred [14]. Within 1 to 8 cycles, a linear depamzke between material removal and
surface roughness versus number of cycles wasaiedic In AFM the forward and

backward extrusion back to the initial stage cortgda cycle.
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2.1.3 Media Flow Volume

Media flow volume is a very prominent parameter cahcontrols the material
removal and surface finish. It has been found ifhvaedia flow volume is increased than
material removal increases. Theoretically it carubderstand that as media flow volume
is increased more no of abrasive particles comeomtact with work piece and more

abrasion takes place.

2.1.4 Media Flow Rate

Media viscosity, extrusion pressure, and passagersion determine the media
flow rate (the speed of the abrasive slug passingugh the restrictive passage) which
affects the uniformity of the material removal ahd formation of edge radius. Rhoades
[15] has reported that media flow rate is lessukfitial parameter in respect to material
removal. Slower slug flow rates are best for umifanaterial removal and high slug flow
rates produce large edge radii [Rhoades 8]. Itheas noted by Williams et.al. [10] that
if volume of flow is constant. The media flow rasensignificant with regard to material
removal. On the other hand, it has been claime8ibgh [16] and Jain and Jain [11] the

media flow rate influences both of the material o&al and surface roughness.

2.1.5 Media Viscosity

Williams and Rajurkar [17], and Williams et. alOJlhave reported that viscosity
of the media is one of the significant parametdrhe AFM process. Keeping all other
parameter constant, an increase in viscosity imggdaoth material removal and surface
roughness. Przyklenk [18] has observed that themahtremoval capacity of the least

viscous media differs from the most viscous one.

2.1.6 Media Temperature

From the experimental results reported by Well®],[it can be interpreted that
an increase in temperature during processing eesulfaster cutting of the material,
under otherwise constant cutting conditions. Jaith #&ain [20] analyzed the heat flow to
the work piece and the medium in AFM process. kirtstudy Hull et.al [21] reported

the effect of temperature (within the range 30-p én rheology of media used and
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stated that the media may sometimes undergo a penhahange in physical properties
with increase in temperature.
2.1.7 Abrasive Particle Size

Sizes ofabrasive particles used in AFM process range fr8mrit (roughing and
stock removal application) to 500 grit (small halpplication). Smaller size abrasive
gives better surface finish and can reach into dexnand narrow passages, while larger
one cut faster. According to one thumb rule [2Bgfiabrasives should be used when the
initial roughness of the work surface is less. Thason for a decrease in material
removal is that with an increase in mesh size arehse in grain size in mm) the depth
of penetration as well as width of penetration reases.
2.1.8 Abrasives Concentration

McCarty [23] mentions the possibility of using aga range of concentration of
abrasive in the media (2 to 12 times weight of iearmedia). However, Siwert [24]
suggested that abrasive particle to base matatial (by weight) should vary from 4:1 to
1:4 with 1:1 as the most appropriate ratio. Asdbecentration of abrasive in the media
increase, material removal increases while theasarfroughness value decrease.
However, its effect is visible only up to a cert@ercentage of abrasive concentration,
beyond which it becomes insignificant. At highemcentration of abrasive particles
viscosity of the media increases leading to moréerna removal [25]. Further, a higher

concentration of abrasive particles permits theimnemlsustain a larger cutting force.

2.2 Latest development in AFM
2.2.1 Centrifugal force assisted Abrasive Flow Mzhining (CFAAFM)

Walia and Shan [26] have shown by their experimt#wdsif a centrifugal force is
provided in machining zone than the parametersheasffected positively. They showed
that if centrifugal action is provided by rotatirige work piece than both material
removal and surface finish increases. It can be des addition of centrifugal force with
help of external guided arrangements in media asgamprovement in surface finish
and material removal rate. A rotating Centrifugaltde Generating (CFG) rod was used
inside the cylindrical work piece, which providdeetcentrifugal force to the abrasive

particles normal to the axis of work piece.

18



2.2.2 Magnetic field assisted Abrasive Flow Maching (MFAFM)
Jha and Jain [27] analyzed that if the magnetid fie created around the work

piece than the force acting on the work piece carcdntrolled. Magnetic field can be
applied around the work piece by using electromtgneoil or by simply using
permanent magnet piece. By varying D.C. electricesu flowing in the electromagnet
coil or by changing the working gap while usingearpanent magnet forces around the
work piece can be controlled. A change in the aleadurrent changes magnetic flux
density in the working zone due to which the norfoate exerted by an abrasive particle
on the work piece changes. This change in normiaéfohanges finishing rate ire critical
surface finish that can be achieved by the prooesier the given finishing conditions.

This class of processes is capable to producecguréaighness value of 8 nm or lower

2.2.3 Rotational Abrasive Flow Finishing (RAFF)

Rotational abrasive flow finishing process works the same principle as
CFAAFM, the only difference being that instead bétuse of a rod to generate the
centrifugal force; the work piece itself is rotatesing a suitable setup. The rotation of
the work piece along with the extrusion pressuréh@nmedium causes abrasive action
and hence material removal.

2.2.4 Drill Bit-Guided Abrasive Flow Finishing (DBG-AFF)

Ravi and Mondal[29] have given a new concept toease the material removal
and to increase the surface finish. They found that drill bit is used which passes
through work piece than material removal can beemsed and also surface finish can be
improved. If a drill bit is used it provides a strpassage for the flow of media and hence
increases the pressure in the finishing zone whaditively effect the material removal
and surface finish. Beside this the shape of thiekit also effect the material removal
and surface finishing. In case if helical drill lstused than three kind of motion of media
takes place which are straight reciprocating motsmooping motion, and helical motion.
The overlapping of different kind of motion increasthe material removal rate and
surface finish.
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2.3 Problem Formulation
Abrasive flow machining (AFM) is a non traditionfahishing process used for

finishing parts with predominant irregular geometrythis process abrasive laden media
is a dominating factor in which the different alivas like CBN, SiC, AIO; etc. are

being used with carrier traditionally. Nano paeglhave extraordinary properties over
available abrasives. In this study an attempt isleni@ enhance MR and surface finish

using CNTs along with AD3zabrasive particles to machine the cast iron wodgie

2.4 Objective
The present investigation aims to explore the foihg objective:

1. Development of vertical double acting abrasive floachining setup

2. Use of “Fe-filled CNT” with AbOs;to check the capability to machine cast iron
work piece.

3. Experiments have been conducted using the Tagugl®A method and the
relevant dependencies have been found using ANQ\Alyais.

4. The characterisation of new media is conductedutjitoScanning Electron
Microscope (SEM).
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CHAPTER 3
CARBON NANO TUBES (CNTs) SYNTHESIS

Carbon nanotube€{T¢) are allotropes of carbon withcglindrical nanostructure; It is a
tubeshaped material, made of bon, having a diameter measuring on nanometre

scale. A nanometrés onebillionth of a meter, or about one -thousandth of the
thickness of a human hair. The graphite layer ajgps@mewhat like a roll-up chicken

wire with a continuous unbroken hexagonal meshaamdon molecules at the apexes

the hexagons. Caob ranotubes typicf have diameters ranging frol nm up to 50
nm. Their lengths are typically several micre

There are various techniques to synthesis the €difimonly used techniques «

Laser
ablation

Chemical
vapaour
deposition

Figure 11 Currently used methods for CNTs synthe2] [

3.1 ChemicalVapor Deposition (CVD)

In this £veral gases such as methane ), carbon monoxide (CO) and acetyleni,Hy)
heded substrate which is coated v catalyst like Ni, AJOs, and Si(,, inert gas such as
nitrogen anchydrogen. Th energy source decomposes the molecule into acérzon
atoms which then will be diffused on the substiand CNTsbegin to grov upto the
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temperature 800C which is quite high. The diameter of each nantiglardefines the
diameter of grow. It is possible to have controkiothe diameter and length of grown
CNT.CVD process has mostly two main steps, firgppre substrate by sputtering and

then to use thermal annealing to have catalystpatioles on the substrate

biddid

as guariz tube

M} : _ ::L)t_:ﬂi_nutlel
N T35 e

(].GGSCC?I[) oven
800 °C

—

Figure 12 Schematic showing CVD method to develop CNT

3.1.1Advantage of CVD Method
» Large scale production and high yield production

* Low cost
» Continuous production instead of batch production
» Control of the quality and CNT
* Ability to manipulate
* No separation of unwanted by-products
CVD process is extremely sensitive to the condiparameters.

Table 1Mechanical Properties of Engineering Fibers

Fiber Material Specific Density E (TPa) = Strenght (GPa)Strain at Break (%)

Carbon Nanotube 1.3-2 1 10-60 10

HSS 7.8 0.2 4.1 <10
Carbon Fiber - PAN 1.7-2 0.2-0.€ 1.7-5 03-24
Carbon Fiber - Pitch 2-2.2 04-096 22-33 0.27-0.6
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3.2 Experimental Procedure

Chemical Vapour Deposition technique is used tarmsre Fe-filled CNT by
heating the solution of Ferrocene(5gm) and Tol(&sml) in the oven, maintaining the
oven temperature around 800 and argon gas(100 sccm) is passed to get inert
atmosphere, then 88D temperature is maintained to completly vaporfigedolution of
Fererocene and Toluene. As solution vaporise cdiepleéhe oven temperature is
lowered by 28C

Temperature 800 °C
Ar-100 scem
Ar-100 scem Mixture of Ferrocene and Toluene Ar-100 scem
27 0C 200 °C

Figure 13Optimised condition to synthesize Fe-filled CNTs

As oven reached 776 - 875C carbon start dissociating and carbon layers tigk en

quartz tube with spbond. Then cooling is done slowly which takes apnately 3hrs.

Figure 14Thermal CVD Setup
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After this the developed CNT layers is brushed aotlected.The collected
sample is tested for its magnetic nature by barneggN & S north and south pole
respectively showing the deposited film having polteracterisitic means the botoom
layer of film having N Pole while top layer of degited film having S Pole. The collected
sample is charecterize through TEM hence diffeqgmaperties, characteristics and
morphology of Fe-filled CNTs is observed.

Figure 15 (a), (b) and (c) are the TEM micrographBe filled CNTs at different
locations and it shows that the growth of CNTsngarm and there is very less amount
of other carbon impurities such as amorphous carboot or carbon particles. The deep
black parts shown in the image are iron particlesapsulated inside the nanotube which
is confirmed from the lattice image in figure 15 @f filled CNTs in which walls of
CNTs having lattice planes can be clearly seen wagpect to lattice plane of iron
particles encapsulated inside the CNTSs.
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5 nm

Figure 15.(a), (b) and (c) are TEM images of CNTs at diffédexcations and (d) shows lattice image:

CNT walls and Iron.
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CHAPTER 4
EXPERIMENTAL DESIGN AND ANALYSIS

Design of experiments (DOE) or experimental dessgtne design of any information-
gathering exercises where variation is present,tiveneunder the full control of the
experimenter or not. However, in statistics, thiesms are usually used for controlled. A
properly planned and executed experiment is outhest importance for deriving clear
and accurate conclusions from the experimental rebgens. Design of experiment is
considered to be a very useful strategy for accwmplg these tasks. The science of
statistical experimental design originated with ek of Sir Ronald Fisher in England
in 1920s. Fisher founded the basic principle ofezixpental design and the associated
data-analysis technique called Analysis of Variagg®OVA) during his efforts to
improve the yield of agricultural crops. The theamyd applications of experimental
design and the related technique of response sunfi@thodology have been advanced by
many statistical researchers as Box and Hunter,@wlxDraper, Hicks. Various types of
matrices are used for planning experiments to steWeral decision variables. Among

them, Taguchi’'s Method makes heavy use of ortholgamays.

4.1 Taguchi's experimental design and analysis

The Taguchi method involves reducing the variatioa process through robust
design of experiments. The overall objective of thethod is to produce high quality
product at low cost to the manufacturer. The Tagwebethod was developed by Dr.
Genichi Taguchi of Japan who maintained that viamatTaguchi developed a method
for designing experiments to investigate how déferparameters affect the mean and
variance of a process performance characteristit defines how well the process is
functioning. The experimental design proposed bguthi involves using orthogonal
arrays to organize the parameters affecting thegs® and the levels at which they
should be varies. Instead of having to test allsgimds combinations like the factorial
design, the Taguchi method tests pairs of comlmnatiThis allows for the collection of
the necessary data to determine which factors raffsct product quality with a
minimum amount of experimentation, thus saving tiarel resources. The Taguchi
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method is best used when there are an intermediatder of variables (3 to 50), few

interactions between variables, and when only aviauables contribute significantly.

4.2 Philosophy of Taguchi method

1. Quality should be designed into a product, mepected into it. Quality is designed
into a process through system design, parameteymjemd tolerance design. Parameter
design, which will be the focus of this article performed by determining which process
parameters most affect the product and then degjgthiem to give a specified target
quality of product. Quality "inspected into" a pumti means that the product is produced
at random quality levels and those too far fromrttgan are simply thrown out.

2. Quality is best achieved by minimizing the déeiafrom a target. The product should
be designed so that it is immune to uncontroll&seironmental factors. In other words,
the signal (product quality) to noise (uncontroléafactors) ratio should be high.

3. The cost of quality should be measured as atiimof deviation from the standard
and the losses should be measured system wideisTtiie concept of the loss function,
or the overall loss incurred upon the customersouiety from a product of poor quality.
Because the producer is also a member of societybanause customer dissatisfaction
will discourage future patronage, this cost to aor and society will come back to the

producer.

4.3 Taguchi Method Design of Experiments

The general steps involved in the Taguchi Methedaarfollows:

1. Define the process objective, or more speciiical target value for a performance
measure of the process. This may be a flow ratepéeature, etc. The target of a process
may also be a minimum or maximum; for example, dbal may be to maximize the
output flow rate. The deviation in the performacbaracteristic from the target value is
used to define the loss function for the process.

2. Determine the design parameters affecting tbhegss. Parameters are variables within
the process that affect the performance measureasitemperatures, pressures, etc. that

can be easily controlled. The number of levels thatparameters should be varied at
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must be specified. For example, a temperature nhightaried to a low and high value of
40°C and 8CPC. Increasing the number of levels to vary a patamat increases the

number of experiments to be conducted.

3. Create orthogonal arrays for the parameter desidicating the number of and

conditions for each experiment. The selection dhagonal arrays is based on the
number of parameters and the levels of variation dach parameter, and will be
explained below.

4. Conduct the experiments indicated in the coregletrray to collect data on the effect
on the performance measure.

5. Complete data analysis to determine the effédhe different parameters on the

performance measure.

4.4 Experimental Design Strategy
Taguchi recommends orthogonal arrays (OA) for Igysat of experiments. These OA’s
are generalized Graeco-Latin squares. To desigexgeriment is to select the most
suitable OA and to assign the parameters and otiens of interest to the appropriate
columns. The use of linear graphs and triangulaletsasuggested by Taguchi makes the
assignment of parameters simple. The array foriesxperimenters to design almost
identical experiments.
In the Taguchi method the results of the experisiané analyzed to achieve one or more
of the following objectives:

* To estimate the best or the optimum condition fpraduct or process.

* To estimate the contribution of individual paranmetend interactions.

» To estimate the response under the optimum conditio
The optimum condition is identified by studying tmeain effects of each of the
parameters. The main effects indicate the genszatitof influence of each parameter.
The knowledge of contribution of individual paraemstis a key in deciding the nature of
control to be established on a production procége.analysis of variance (ANOVA) is
the statistical treatment most commonly appliedthte results of the experiments in

determining the percent contribution of each patemegainst a stated level of
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confidence. Study of ANOVA table for a given an@ylselps to determine which of the
parameters need control.

Taguchi suggests two different routes to carry twt complete analysis of the
experiments. First the standard approach, whereethdts of a single run or the average
of the repetitive runs are processed through miéecteand ANOVA analysis (Raw data
analysis). The second approach which Taguchi styaegommends for multiple runs is
to use signal-to-noise (S/N) ratio for the sam@sta the analysis. The S/N ratio is a
concurrent quality metric linked to the loss funati By maximizing the S/N ratio, the
loss associated can be minimized. The S/N ratierdenes the most robust set of
operating conditions from variation within the rit.suThe S/N ratio is treated as a
response parameter (transform of raw data) of Xperement. Taguchi recommends the
use of outer OA to force the noise variation ink® texperiment i.e. the noise is
intentionally introduced into the experiment. Gextlgr processes are subjected to many
noise factors that in combination strongly influertbe variation of the response. For
extremely ‘noisy’ systems, it is not generally ressry to identify controllable
parameters and analyze them using an appropribiteafi6o. In the present investigation,
both the analysis: the raw data analysis and Sti aaalysis have been performed. The
effects of the selected Helical AFM parameters lom $elected quality characteristics
have been investigated through the plots of thennefiects based on raw data. The
optimum condition for each of the quality charaistiezs have been establish through S/N
data analysis. No outer array has been used atehthsexperiments have been repeated

three times at each experimental condition.

4.5 Loss Function and S/N Ratio

The heart of Taguchi method is his definition obueus and elusive term ‘quality’ as
the characteristic that avoids loss to the sodrety the time the product is shipped [50].
Loss is measured in terms of monetary units andelgted to quantifiable product
characteristics. Taguchi defines quality loss via hoss-function’. He unites the
financial loss with the functional specificationrdghgh a quadratic relationship that

comes from Taylor series expansion .
L(y) = k(y-m)?

29



Where, L = loss in monetary unit

m = value at which the characteristic shoulddte s

y = actual value of the characteristic

k = constant depending on the magnitude of theacheristic and the
monetary unit involved.
The following two observations can be made
» The further the product’'s characteristic vafiesn the target value, the greater is the
loss. The loss is zero when the quality charadies the product meets its target value.
* The loss is a continuous function and not adeadstep as in the case of traditional
approach.
This consequence of the continuous loss functiastrates the point that merely making
a product within the specification limits does netessarily mean that product is of good
quality.

In a mass production process the average lossjtas @xpressed as:

L (y) =4k (yl-m)2 +k (y2-m)2 F o + K () - m)2}

yly2... ¥ = values of characteristics for units 1, 2,..n respectively

n = number of units in a given sample
k = constant depending upon the magnitude of chkexiatic and the monitory unit
involve
m= Target value at which characteristic shoulddie s
Equation can be written as:

L(y) =k (MSD)
Where MSD denotes mean square deviation, whichepteghe average squares of all
deviations from the target value rather than aradtedaverage value.
Taguchi transformed the loss function into a corentrstatistic called S/N ratio, which
combines both the mean level of the quality charétic and variance around this mean
into a single metric .The S/N ratio consolidatesesal repetitions (at least two data
points are required) into one value. A high valii&m ratio indicates optimum value of
quality with minimum variation. Depending upon ttype of response, the following

three types of S/N ratio are employed in practice.
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1.Larger the better :

(S/N)ug = -10 log (MSDg)
Where
MSDia = ;ZR,()
2.Lower the better :

(S/N).g=-10 log (MSDs)
Where
MSDis = /R ¥3,(y21)
Nominal the best :

(S/N).g= -10 log (MSDng)
Where

MSD ng = %Z]R=1(Yj - }’o)2

R = Number of repetitions

It is to be mentioned that for nominal the bestetypf characteristic, the standard
definition of MSD has been used. For smaller thitebeéype the target value is zero. For
larger the better type, the inverse of each laejeevbecomes a small value and again the
target value is zero. Therefore, for all the thes@ressions the smallest magnitude of
MSD is being sought. The constant 10 has been palpaised to magnify S/N number
for each analysis and negative sign is used t&A¢tratio of larger the better relative to
the square deviation of smaller the better.

4.6 Taguchi Procedure for Experimental Design and Aalysis
Figure illustrates the stepwise procedure for Thgagperimental design and analysis. It
is described in the following paragraphs.
(A). Selection of OA
In selecting an appropriate OA, the following prprisites are required:
*Selection of process parameters and/or theiraotems to be evaluated.

*Selection of number of levels for the selectechpeaters.
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The determination of parameters to investigatenupbich hinges the product or process
performance characteristics or responses of irter8sveral methods are suggested by
Taguchi for determining which parameters to includan experiment. These are :

*Brainstorming

*Flow charting

*Cause-effect diagrams
The total degrees of freedom (DOF) of an experinamet a direct function of total
number of trials. If the number of levels of a paeder increases, the DOF of the
parameter also increase because the DOF of a p@maimehe number of levels minus
one. Thus, increasing the number of levels for rampater increases the total degrees of
freedom in the experiment which in turn increasestbtal number of trials. Thus, two
levels for each parameter are recommended to nEriithie size of the experiment. If
curved or higher order polynomial relationship betw the parameters under study and
the response is expected, at least three levelsedon parameter should be considered.
The standard two-level and three-level arrays are:

a)Two-level arrays: l, Lg, L12, L16 L32
b)Three-level arrays:d, L1g Lo7

The number as subscript in the array designatidicates the number of trials in that
array. The degree of freedom (DOF) available i©&nis:

fin = N-1
Where { \y = total degrees of freedom of an OA

LN = OA designation N = number of trials

When a particular OA is selected for an experimémg, following inequality must be
satisfied

fi N > Total DOF required for parameters and interactions

Depending on the number of levels in the parametars total DOF required for the

experiment, a suitable OA is selected.

(B). Assignment of parameters and interactions to 8
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An ‘OA’ has several columns to which various partare and their interactions are
assigned. Linear graphs and Triangular tablesveseadols, which are useful for deciding
the possible interactions between the parametetdhesir assignment in the columns of

'OA'. Each ‘OA’ has its particular liner graphs amderaction tables

(C). Selection of outer array
Taguchi separates factors (parameters) into two graups:

*Controllable factors

*Noise factors
Controllable factors are factors that can easilydetrolled. Noise factors, on the other
hand, are nuisance variables that are difficulipassible, or expensive to control. The
noise factors are responsible for the performanagation of a process. Taguchi
recommends the use of outer array for noise faetodsinner array for the controllable
factors. If an outer array is used the noise Jvamais forced into the experiment.
However, experiments against the trial conditiorthaf inner array may be repeated and
in this case the noise variation is unforced ingkperiment. The outer array, if used will

have the same assignment considerations.

(D). Experimentation and data collection
The experiment is performed against each of tla ¢onditions of the inner array. Each
experiment at a trial condition is repeated sin{glyputer array is not used) or according
to the outer array (if used). Randomization shdagdcarried for to reduce bias in the
experiment.
(E). Data analysis
A number of methods have been suggested by Tagichianalyzing the data:
observation method, ranking method, column effeethod, ANOVA, S/IN ANOVA,
plot of average responses, interaction graphs, latthe present investigation, following
methods are used.

*Plot of average response curves

*ANOVA for raw data

*ANOVA for S/N data
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The plot of average responses at each level ofranper indicates the trend. It is a
pictorial representation of the effect of a paranein the response. Typically, ANOVA
for OA’s are conducted in the same manner as atractured experiments . The S/N
ratio is treated as a response of the experiménthas a measure of the variation within
a trial when noise tors are present. A standard XN@ conducted on S/N ratio, which
identified the significant parameters.
(F). Parameter design strategy
Parameter classification and selection of optireatls
ANOVA of raw data and S/N ratio identifies the amhtfactors, which affect the average
response and the variation in the response respbctirhe control factors are classified
into four groups:

Group | : Parameters, which affect both averagkvariation

Group Il : Parameters, which affect variation only

Group Il : Parameters, which affect average only

Group IV : Parameters, which affect nothing
The parameter design strategy is to select thatdaitevels of group | and Il parameters
to reduce variation and group Il parameters taistdjhe average values to the target

value. The group IV parameters may be set at thst sewmnomical levels.

(G).Prediction of mean
After determination of the optimum condition, theean of the response (u) at the
optimum condition is predicted. This mean is estedaonly from the significant
parameters. The ANOVA identifies the significantrgraeters. Suppose, parameters
andB are significant and A2B2 (second level of both Al &)is the optimal treatment
condition. Then, the mean at the optimal condit{optimal value of the response
characteristic) is estimated as:

H=T+ (1) + (bt

= A+Bo-T

T= overall mean of the response
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A1 Bo= average values of response at the second levelsaimeters A and B

respectively

It may sometimes be possible that the predicatedbomation of parameter levels
(optimal treatment condition) is identical to oneé those in the experiment. If this
situation exits, then the most direct way to estérthe mean for that treatment condition
is to average out all the results for the trialsolhtare set at those particular levels .

(H). Determination of confidence intervals

The estimate of the mean (p) is only a point esgnimsed on the average of results
obtained from the experiment. It is a statistieguirement that the value of a parameter
should be predicted along with a range within whtdh likely to fall for a given level of
confidence.

This range is called confidence interval (Cl). Telgusuggests two types of confidence
intervals for estimated mean of optimal treatmemiditions.

* Clcg - Confidence Interval (when confirmation experinser(CE)) around the

estimated average of a treatment condition usedonfirmation experiment to verify
predictions. Get; is for only a small group maddemspecified conditions.

* Clpop - Confidence Interval of population; around théreated average of a treatment
condition predicted from the experiment. This is fioe entire population i.e. all parts
made under the specified conditions.

The confidence interval of confirmation experimef@c-g) and of population (Hop

is calculated by using the following equations:

1 1
CICE = \/Fa (1, fe)ve [n—ff + E]
e

F. (1,f.)V
SR (CHAT?

Neff
Where

Fq (I, fe) = The F-ratio at the confidence level of¢lagainst DOF 1 and error degree of

freedom &, fe = error DOF, N = Total number of result, R = Saenglize for

confirmation experiments, = Error variance,
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N
1 + [DOF associated in the estimate of mean responce]

Nefr =

(). Confirmation experiment

The confirmation experiment is the final step irrifjgng the conclusions from the
previous round of experimentation. The optimum coowls are set for the significant
parameters (the insignificant parameters are setcahomic levels) and a selected
number of tests are run under specified conditidihe average values of the responses
obtained from confirmation experiments are compamsgti the predicted values. The
average values of the response characteristic nastaithrough the confirmation
experiments should be within the 95% confidencerual, CL: However, these may or
may not be within 95% confidence interval,;&I| The confirmation experiment is a

crucial step and is highly recommended to verify ¢éperimental conclusions.
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CHAPTER 5
PROCESS PARAMETER SELECTION AND EXPERIMENTATION

The main process parameters, which may affect taehining characteristics such
material removal and surface finish, are selecidte scheme of experiments is a
discussed in thishapter. The experiments were conducted withirrdinges of selecte
process parameters which includes amount of CNTh WL,0O3; no. of cycle, and
different extrusion pressure. Material removal awdface finish were measured.

measured data are & tabulated in this chapter.

5.1 Selection of workpiece

Cast Ironwork piec¢ were prepared by drilling, mainting its initial surface
roughness in the rancof 2.6-3.6pmand dimension 10 mm OD x 8 mm ID x 16 n
length. Few worgiece ready for machining is shown in figure-I8e length to diamete
(L/D) of the worlpiece was decided on the basis of tleeasmmendation given by Koh
[15].Workpieceare cleaned by acetone and subsequently measuseafanitial surface
roughnessand weight werd¢aken. Thesurface roughness was measured in five diffe
locations using TayloHobson. Thenternal cylindrical surface was finished by AF
process. Each wopkece was machined for a predetermined number of cyclés
workpiece was taken out from nylon fixtu and cleaned with acetone before

subsequent measurem
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Figure 16(a),(b) Cast Iron work pieces used in trials and itsehsional detai
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5.2 Selection of process parameter and their ranges
Table2. Process parameter and their ranges

S. No.| Process Parameter Rang Unit
1 Extrusion Pressure 5-35 MPa
2 No. of Cycle 1-9 Number
3 Temperature 32+ 2 °C
4 Media Flow volume 290 *em
5 Capacity 25+ 25 Ton
6 Stroke length 96 mm
7 Hydraulic cylinder Bore diameteNa. 130 mm
8 Hydraulic cylinder Stroke 90 mm
9 Working Pressure 210 kdlcm
10 Maximum Pressure in the Cylinder 35 MPa
11 Stroke Length of Piston 300 mm

5.3 Response characteristics

The effect of selected process parameters werdestuoh the following response
characteristics of AFM process-

5.3.1 Percentage improvement in surface finishing

The surface roughness was measured at several maholations on the internal
cylindrical surface of the cast iron workpiece. Thean value was taken of the random
values of roughness. Then the percentage improvienmersurface finishing was
calculated from the formula

_ (Initial Ra - final Ra)
Initial Ra

AR,y x 100

5.3.2 Material removal (MR)
Material removal signifies the amount of materaxhoved from the specimen in a
specified number of process cycle. Material remeovas calculated from the formula

MR= (Initial weight — final weight)
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5.4 Scheme of experiments

The experiments were designed to study the effécsame of the AFM
parameters on response characteristics of AFM psoce shown in table 3. Taguchi
parametric design methodology was adopted. Therempets were conducted using
appropriate orthogonal array (OA). Ar (a standard 3-level OA) having 8= (9-1) degree
of freedom was selected for the present analysie Selected number of process
parameters and their levels are given in the taldad lyg OA designed is given in table
4.

Table 3Process Parameters and their values at differealsle

Symbo Process Paramet Unit Level 1 Level 2 Level &
N No. Of Cycle Number: 4 6 8
P ExtrusionPressur Bar 13 23 33
C Amount of CN1 Gram: Without CNT 5 10

Polymer to Gel ratio :1:1, Workpiece Material- Cst ,Abrasive typ&l203 & CNT, Mesh Size:180,
Extrusion Pressure: 5 MPa, Media Flow Volume :290Temperature:32 + 2 °C, Initial surface roughnes$ - 3.6 pm.

Table 4The L (3) OA (Parameters Assigned) with Response

Exp. Run Parameters Trial Conditions Response (Raw Data) S
No. Order N P C | - R1 R2 R3 Ratio
1 2 3 4 (db)
1 1 1(4) 1(13) 1(0) 1 Y11 Y12 Y13 S/N(]
2 4 1(4) 2(23) 2(5) 2 Y21 Y22 Y23 S/N(4
3 7 1(4) 3(33)| 3(10) 3 Y31 Y32 Y33 SIN(3)
4 5 2(6) 1(13) 2(5) 3 Y41 Y42 Y43| SIN(4)
5 8 2(6) 2(23) | 3(10) 1 Y51 Y52 Y53  SIN(®)
6 2 2(6) 3(33) 1(0) 2 Y61 Y62 Y63| S/N(6)
7 9 3(8) 1(13)| 3(10) 2 Y71 Y72 Y73  SIN(T)
8 3 3(8) 2(23) 1(0) 3 Y81 Y82 Y83 S/N(8)
9 6 3(8) 3(33) 2(5) 1 Y91l Y92 Y93 S/N((9)
Total z z >

R1, R2, R3 represents response value for threditieps of each trial. The 1's,2’s, and 3’s reprgselevels 1,2,3 of thg
parameters, which appear at the top of the columnrépresents no assignment in the column. §jthe measured valug
of the quality characteristics (respor
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5.5 Precautions taken during experimentation

While performing various experiments, the followimigcautionary measures were taken:
1. Each experiment is repeated three times to as@drimental error.

2. The experiments repeated randomly in order tadavias, if any, in the results.

3. As the experiments were proceeds the cuttingsdfabrasive particles wear off and
become dull which result in less favorable resalts produced in later experiments
secondly the particles of work piece material waieed with the media and as the time
proceeds the volume of work piece material insiderhedia increases which deteriorate
the finishing action. To avoid this large volumetbé& media is prepared and after each
experiment the used media is taken out from thimagt and mixed throughout with the
fresh media contained in large container. The méalianext trial is taken from this
mixture. For the limited number of experiments aactdd, this would ensure with
reasonable reliability that the media used for eaththe experiment run contain
approximately equal amount of fresh grains(graithwharp edges)

4. Each set of experiments was performed at roampéeature in a narrow range
(32 £ 2°C).

5. Before any measurement was taken, the work-piasecleaned with acetone.

6. The surface roughness was measured in the idimeat flow of media and at several

random points all over the cavity of the work-piece

5.6 Experimentation

The three process parameters no. of cycle, extrysiessure, amount of CNT,
were selected as in table 3. The process paranvedeesvaried according to the values as
shown in table 3. Experiments were conducted aaogri the test condition specified
by the s OA (Table 4). Each experiment was repeated threestin each of the trial
conditions. Thus twenty seven work-pieces werecsatehaving initial surface in close
range of (2.6 — 3.6 micron). In each of the triahditions and for every replication, the
percentage improvement in surface roughness aneriadatemoval were measured. The
data is recorded in Table 5.
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Table 5.Experimental results of various response characteristics

Exp Run % Improvement in R Material Removal (MR SIN
No. Order S/IN (mg) ratio
R1 R2 R3 ratio R1 R2 R3 (db)
(db)

1 1 9.37 9.67 10.45 19.82 2.7 2.57 2.8 859
2 4 7.99 7.56 6.64 17.30 55 5 58| 14.65
3 7 24.74 | 22.65| 21.04 27.10 6.1 6.3 6.8 16.10
4 2 12.23 | 11.76| 10.14| 21.03 7.1 2.91 2.99 | 10.80
5 5 1354 | 14.65| 14.32| 23.01 8.9 8.7 8.5 18.79
6 8 17.01 | 17.25 17.2| 24.68 5.5 5.4 5.7 14.85
7 3 20.98 | 29.25| 29.68| 29.44 3.7 2.95 3.1 10.12
8 6 16.039| 15.834 15.53 23.97 4.0 4.15 4.9 12.67
9 9 23.19 | 2456| 24.68 27.65 4.5 4.73 4.9 13.44

Total 154.0¢ | 153.1¢ | 149.6¢ 48.0 | 42.71 45 .4¢

T ara =Overall mean c
ARa=16.92%

TwMrR =Overall mean of MF

=5.04mg
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CHAPTER 6
RESULTS AND DISCUSSION

Detailed analysis and discussion of results of Brpents.

6.1 Analysis and discussion of results
The standard procedure suggested by Taguchi wakstassnalyze the data. The

average values and S/N ratio of quality/responseatheristics for each parameter at
different levels are calculated from the experiraknfata. The main effects of process
parameters both for raw data and S/N data areeplotThe analysis of variance
(ANOVA) of raw data and S/N data is performed tenitify the significant parameters
and to quantify their effect on the response charastics.

6.2 Effect on material removal
The average values of material removal (MR) and 1&tid for each parameter at levels

L1, L2 and L3 are calculated and given in table 6.

Table6.Average values and Main effects: Material Remov&, (in mg)

Process Level No. of Cycle (N) Extrusion Amount of CNT(C)
Parameter Pressure(P)
Type of Data Raw S/IN Raw S/N Raw S/N
Data Ratio Data Ratio Data Ratio
L1 4.84 13.11 3.42 9.83 4.19 12.03
v ?Vefa}geR L2 6.19 14.81 6.16 15.37 4.82 12.96
alues(%Ra) — =770 | 1208 | 555 | 1480 611  14.99
Main L2-L1 1.35 1.7 2.74 5.54 0.63 0.93
Effects(%0Ra)| L3-L2 -2.09 -2.73 -0.61 -0.57 1.29 2.03
Difference
(L3-L2)—(L2-L1) -3.44 -4.43 -3.35 -6.11 0.66 1.1

L1,L2,L3 represent levels 1,2 and 3 respectivélyazameters. (L2-L1) is the average main effectmvthe
corresponding parameter changes from Level 1 tell2v(L3-L2)is the main effect when the corresgiog
parameter changes from Level 2 to Level 3

It can be seen from the figurel7 that as the nurobeycle is increased initially the
material removal increases but after level 2 asnilmaber of cycle increased material
removal decreases. This is because abrasive parti@came dull after level 2 and

material removal was low.
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Figure 17.Effect of No. of Cycle on the S/N Ratio and MR

It can be seen from the figure 18 that up to I@vat pressure increases material removal
increases and after level 2 the material removetedses because initially abrasives cut

the peaks of surface hence material removal is nBarewhen surface gets smooth, after

that it will cause low material removal.

20 + T 7
)
T 15 +5 =
2 g
g =
Z 10 - 13
n
5 . 1
13 23 33
Pressure(MPa)

---¢---S/N —8— Raw data

Figure 18.Effect of Pressure on the S/N Ratio and MR
From figurel9 it was found that as the amount ofTCparticles increased material

removal also increased. CNT particles are hardesoagpare to the aluminium oxide.
CNT has very sharp cutting edges. So when the &wimupressure is applied it easily

cuts the peak of the roughness and causes more MR.
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Figure 19Effect of CNT particles on the S/N Ratio and MR

6.3 Selection of optimum levels
In order to study the significance of the processameters towards the MR, analysis of

variance (ANOVA) was performed. The pooled versiohANOVA of the raw data and
the S/N data for MR are given in Tables 7 & 8. Frtivase tables, it is clear that the
parameters pressure, amount of CNT and no. of sgleficantly affect both the mean

and the variation in MR values.

Table 7Pooled ANOVA (Raw Data) (MR)

Source SS DOF Vv F-Ratio SS’ P%
No. of Cycle

20.13 2 10.07 13.54* 18.64 20.84
Pressure 35.64

37.12 2 18.56 24.98* 39.84
Amount of
CNT 17.33 2 8.67 11.66* 15.85 17.71
e 14.86 20 074 | - 19.32 21.61
Total (T) 89.44 26 S 89.45 100
*Significant at 95% confidence level, F critical =3.4928
SS-Sum of Squares, DOF-Degree of Freedom, V-Variance, SS’-Pure sum of Squares
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Table 8 Pooled ANOVA (S/N Data) (MR)

Source SS DOF V F-Ratio SS’ P%
No. of
Cycle 11.44 2 5.72 34.71* 11.11 13.67
Pressure
55.68 2 27.84 168.95* 55.35 68.12
Amount of
CNT 13.81 2 6.91 41.89* 13.48 16.58
e 0.33 2 016 |  ------ 1.32 1.63
Total (T) 81.26 8 | - | - 81.26 100
*Significant at 95% confidence level, F critical®1
SS-Sum of Squares, DOF-Degree of Freedom, V-Veaeig®8'-Pure sum of Squares

6.4 Effect on percentage improvement in surface raghness
The average values of percentage improvementfacgiroughness and S/N ratio for
each parameter at Level L1, L2 and L3 are calcdlatel given in Table 9.

Table 9 Average values and Main Effects: % improvementan R

Process Level No. of Cycle (N) Pressure(P) Amount of CNT
Parameter
Type of Data Raw Data S/N Raw Data S/IN Raw S/IN
Ratio Ratio Data Ratio
Average
Values(%Ra) L1 13.35 21.41 16.95 23.43 | 14.26 22.83
L2 14.23 22.91 12.46 21.43 | 14.31 21.99
L3 23.19 27.02 21.36 26.48 | 22.21 26.52
Main L2-L1 0.88 1.5 -4.49 -2 0.05 -0.84
Effects(%Ra)
L3-L2 8.96 4.11 8.9 5.05 7.9 4.53
Difference
(L3-L2)—(L2-L1) 8.08 2.61 13.39 7.05 7.85 5.37

L1,L2,L3 represent levels 1,2 and 3 respectivélgazameters. (L2-L1) is the average main effectmvthe
corresponding parameter changes from Level 1 telL2v(L3-L2)is the main effect hen the correspogd
parameter changes from Level 2 to Level 3.

C)

From Figure 20 it can be clearly concluded thahasnumber of cycle is increased the % surface
finish is increased.
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Figure 20.Effect of No. of Cycle on S/N Ratio and % improwarhin Ra

It can be clearly concluded from the figure 21 thatthe extrusion pressure increases,
initially the surface finishing of the work pieceaeases but after level 2 of pressure the

value of surface finishing increases.

30 1 T 25

@

o

>~ °

S 25 + 208

2 2

S o

z 3

P =

S 20 - 155
15 ; = 10

13 23 33
Pressure (MPa)

---¢---S/N —&— Raw data

Figure 21 Effect of extrusion pressure on S/N ratio and %roupment in Ra

It can be seen from the figure 22 that as the amoU@NT increases the % increase in

Ra slightly increases but after level 2, % improeemin Ra sharply increased. This is
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due to more number of abrasive particles taking pamachining process and also
continues to remove fresh materials from the worfase which lead to increase in MR

and surface finish.
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Figure 22 Effect of Amount of CNT on S/N Ratio and % improvemiin Ra

6.5 Selection of optimum levels

In order to study the significance of the processameters towards the
percentage improvement in Ra, analysis of varigifddOVA) was performed. The
pooled versions of ANOVA of the raw data and thd 8Ata for change in Ra are given
in table 10 and 11.From these tables it is cleaarpaters Pressure, Amount of CNT and
No. of Cycle significantly affect both the mean athe variation in the percentage

improvement in Ra values.

Table 10Pooled ANOVA (Raw Data)ARa)

Source SS DOH V F-Ratio SS’ P%
No. of Cycle 534.16 2 267.08 164.32* 530.91 40.82
Pressure 357.53 2 178.77 109.98% 354.28 27.24
Amount of CNT| 376.54 2 188.27 115.84* 373.29 28.70
e 32.51 20 163 | ----- 42.26 3.24
Total (T) 1300.74 | 26 o B 1300.74 100
*Significant at 95% confidence level, F critical 4928
SS-Sum of Squares, DOF-Degree of Freedom, V-VagiaB8'-Pure sum of Squares
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Table 11Pooled ANOVA (S/N Data)ARa)

Source SS DOF \Y F-Rati SS’ P%
No. of Cycle 50.55 2 25.27 13.39" 50.10 40.22
Pressure 38.81 2 19.40 87.06° 38.37 30.79
Amount of CNT | 34.78 2 17.39 78.02 34.34 27.56

er 0.45 2 0.22 | eeee-- 1.78 1.43
Total (T) 124.59 8 | ] e 124.59 100
*Significant at 95% confidence level chtical =19
SS-Sum of Squares, DOF-Degree of Freedom, V-Vagig®8’'-Pure sum of Squares

6.6 Estimation of optimum response characteristics

In this section, the optimum values of the respoadisaracteristics along with their
respective confidence intervals have been predicte results of confirmation
experiments have also been presented to validait@malpgesult .The optimal level of the
process parameters have been identified from tleeted response characteristics. The
optimal value of each response characteristic éslipted considering the effect of the
significant parameters only. The average valuehef response characteristic obtained
through the confirmation experiments must lie witlihne 95% confidence level, &l
However the average value of quality characteristitained from the confirmation
experiments may or may not lie within 95% confidemterval, Céop

As observed the optimum values for the maximum M&RNP,C; [Table-5] for both raw
data and S/N data. For the confirmation experimentthe basis of raw data the optimal
settings have been taken agpCs.

As observed the optimum values for the maximum Yravement inARa are NP.Cs
[Table-5] for both raw data and S/N data. For theficmation experiments on the basis
of raw data the optimal settings have been takeéBCs.

Based on the optimal selection of the process gienam response parameters of the
material removal and Percentage improvement irasarfoughness have been estimated

with the confidence intervals as further.

6.7 Material removal (MR)

The mean at the optimal MR (optimum values of tlesponse characteristics) is
estimated as
]JZIVZ +132+C_'3 2T
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T= overall mean of the response =5.04 mg [Table-5]

N2 =Average value of MR at the second level of ri@yele = 6.19mg [Table-6]

P2 =Average value of MR at the second level of Rness 6.16mg [Table-6]

C3 =Average value of MR at the third level of CNB41 mg[Table-6]

Substituting these values, Mean MR = 8.38 mg

The confidence interval of confirmation experimef@cg) and of population (Gbp is

calculated by using the following equation

1 1
CICE = \/Fa (1, fe)Ve [n_ff + E:l
e

’F 1,f)V,
Clpop — a (n f:) e
e

Where E (1, fg) = The F- ratio at the confidence level ofolagainst DOF 1 and error

degree of freedom £ 3.49(Tabulated Value)

fe = error DOF = 20

N = Total no of result =27 (treatment =9, repetitiB)
R = Sample size for confirmation experiments = 3

Ve = Error variance =0.74

N
Neff = — , = 3.86
14+[DOF associated in the estimate of mean responce]

So, Cke=%1.24
And Clpop= + 0.67
The 95% confirmation interval of predicted optimahge (for confirmation run of three
experiments) is:
Mean MR — C¢e <MR <MR + Ckg
7.26< MR <9.50
The 95% confirmation interval of the predicted mean
Mean MR — Cpop<MR >MR + Chkop
7.71< MR <9.05
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6.8 Percentage improvement in Ra
The mean of the percentage improvement in oRtimum values of the response
characteristics is estimated as:

w=Nz+tP;+C3+ -2T
T = overall mean of the response = 16.92 % [Table-5]
N3 = Avg. value of % improvement inRit the third level of No. of Cycle=23.19%
[Table-6]
P1 =Avg. value of % improvement inRt the first level of extrusion Pr. = 16.95%
[Table-6]
C3 = Avg. value of % improvement in,Bt the third level of CNT= 22.21 % [Table-6]
Substituting these values, % improvement i R8.51 %
The confidence interval of confirmation experimef@$.cg) and of population (Glop

calculated by using the following equation:

Cleg = \/Fa (1, fe)Ve [L + %]

Neff

— Fa (1vfe)ve
CIPOP - / Neff

Where E (1, f) = The F- ratio at the confidence level ofolagainst DOF 1 and error
degree of freedom fe = 3.49 (Tabulated Value)

fe =error DOF = 20

N= Total no of result =27 (treatment =9, repetitiB)

R = Sample size for confirmation experiments = 3

Ve = Error variance =1.63

N
Nefr = — , = 3.86
14+[DOF associated in the estimate of mean responce]

So,Cke=%1.84 and Gbp=%1.21
The 95% confirmation interval of predicted optinnahge (for confirmation run of three
experiments) is:

26.67< % improvement iINR, <30.35

The 95% confirmation interval of predicted mean is
27.3<% improvement inR, <29.72
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6.9 Confirmation Experiments
In order to validate the results obtained, threefiomation experiments have been

conducted for response characteristics of MR anidhpsovement in surface roughness

.For the maximum MR, the optimal levels of the m®x parameter are,®¥Cz;whereas

for the maximum % improvement surface roughnessgiignal parameters settings are

N3P:1Cs.

P, = Extrusion Pressure at first level =13 MPa

P, = Extrusion Pressure at second level =23 MPa
Cs; = Amount of CNT at Third level =10 gram
N2 =No. of Cycle at first level =6

N3 = No. of Cycle at first level =8

The results are given in table below. The valuesvi& and % improvement in Ra

obtained through the confirmation experiments arthiv 95% of Cte of respective

response characteristic. It is to be pointed oat these optimal values are within the

specified range of process parameters. Any exptorathould be confirmed through

additional experiments.

Table 12Predicted Optimal Values, Confidence Intervals Redults of Confirmation Experiments

Response Optimal Predicted | Confidence Intervals 95%  Actual Value(Av
Characteristic Process Optimal of Confirmation
Parameters| Value Exp)
MR N2P.C3 8.38mg Cte 7.26<MR<9.50 8.7 mg
Clpopr7.71<MR<9.05
%Improvement N3P1C3 2851 % | Clce26.67<%\R;<30.35 29.40%

ARa

Clpop27.3<%\R<29.72

Clce—Confidence interval for the mean of the confirmatexperiments

Clpop— Confidence interval for the mean of the populatio

51



6.10 Characterization of developed Media
The newly developed media which having aluminiunid@x polymer and hydrocarbon

gel is mixed properly in predetermined proportiorget the viscous elastic media which
can machine effectively, Firstly the samples arehmaed without CNTs particles after
level first samples were machined with media havinge-filled CNTs particles. An

attempt is made to characterise the media throcghnéng electron microscope (SEM).

Figure 23 is the SEM micrograph of the media,(3land Carrier only) before addition
of CNTs where, (a) is the SEM micrograph at scaleds 100 um in which abrasives
edges are not clearly visible, (b) is the SEM nucaph at a scale bar of 5um in which
abrasive edges are visible.

Figure 24 is the SEM micrograph of the media,(Bl +carrier+ Fe-filled CNTs) after
addition of CNTs where the sharp edges of Alumiagigle are clearly visible which is

responsible for machining the work surface.
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Figure 24 SEM image of media(AD; +carrier+ Fefilled CNTS)
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CHAPTER 7
CONCLUSION AND SCOPE FOR FUTURE VORK

7.1 Conclusions

Experiments were carried out for evaluating perfamoe of newly developed

media(carrier+AlOz+CNTSs) using the double acting, vertical type AFdtup to study

its performance in terms of the improvement in mateemoval and surface finish of

“cast iron” work pieces. It has been found that the use off €Mith media led to an

improvement in the response parameter of percemtag®vement in surface finish and

material removal.

For the design of experiment, the Taguchi methquagrh has been employed.
Ly OA has been used for the plan of experiments.

The three process parameters viz. number of gyeksision pressure and
amount of CNTs all have significant effect for tiesponse parameter of MR .
The process parameter extrusion pressure and nwhbgcle is significant for
response.

At selected parameters a maximum improvemeBt38mghas been observed in
the material removal on the inner cylindrical sagf@f thecast iron work piece.

At selected parameters a maximum improveme28d51% has been observed in

the Surface finish on the inner cylindrical surfat¢hecast iron work piece.

7.2 Scope of future work

CNTs filled with Fe, Co and Ni which is ferromagiceih nature can be explored
in MAFM for better result.

Results can be analyzed for different industriatemal.

The set up can be optimized for many other propasameters like different

shapes of work materials, different abrasives, ftate of media etc.
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