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PREFACE

In this thesis the details regarding newly designed and fabricated electrochemo magneto rotational abrasive flow machining process setup have been given and the results of experimentation and mathematical models have been discussed. Further the details of in-house developed polymer media used for experimentation have been explained. The contents of the thesis are as follows:
Chapter 1 In this chapter the introduction to the non conventional machining processes has been given and the explanation of different types of abrasive flow machining (AFM) process is given. The different process parameters and the factors involved in AFM process are explained alongwith advantages, limitations and the applications of the process. Further polymer media, magnetorheological (MR) fluids used in the process are elaborated.
Chapter 2 The research conducted in the field of AFM process and its variants by various scientists and researchers has been analysed and written in a systematic documented form. The literature review of electrochemical assisted, magnetic field assisted, rotational force assisted AFM process and their combined form hybrid processes have been tabulated and the parameters, tools used have been discussed. In addition research done in the field of development of polymer media and MR fluids has been explained.
Chapter 3 The gaps in the research work in the field of hybrid AFM process were identified and based on that present research objectives have been set. In order to fulfil those objectives, a research methodology has been discussed and a sequence of events to be performed to complete the research work is planned.
Chapter 4 In this chapter firstly the hybrid electrochemo magneto rotational abrasive flow machining (EMR-AFM) machine setup fabricated has been explained with all the parts details and specifications. The polymer media developed for use in experimentation work has been detailed. Then the experimentation was performed in accordance with the design of experiments based on Taguchi method.
Chapter 5 The mathematical model was developed to explain the effects of magnetic field, electrochemistry and rotational force on the process. The computational flow dynamics was performed to study the effect of flow of polymer media through the fixture path during experimental work. The various rheological parameters were studied and the effect of temperature, pressure and velocity was also discussed. Further thermal, heat transfer and rigidity mechanics based models were developed to study in depth mechanisms of the process.
Chapter 6 The results of experimentation performed were discussed to know the effect of input parameters on the material removal and surface roughness of the workpiece obtained. Taguchi method based experimental results were studied in addition to Matlab fuzzy logic and grey relational optimization techniques. The characterization of developed media was done to deeply study the properties and their impact on the output results using XRD, FTIR images, etc.
Chapter 7 This chapter discusses the conclusions of the research work done both qualitatively and quantitatively. The mathematical results obtained were discussed and these can be compared with present setup used in industries and improvement can be done. Further the scope of future improvement and work that can be done is discussed.
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ACRONYMS

Ra 		surface roughness of workpiece
Rcrt 		critical roughness
α		angle between magnetic field and plane of solenoid coil
Bp		peak magnetic field
 		angular frequency of current
M 		mutual induction
R		erosion rate of workpiece material
VA		volume removed by single particle
Fa		axial force
Fr		radial force
Ft		tangential force
m 		mass of abrasive particle
 		density of abrasive material
r 		radius of iron oxide particle
p 		extrusion pressure
pm		magnetic pressure
s   	            shear stress
V*		shear velocity
umax		maximum fluid velocity
 	            velocity gradient of fluid
 	 	magnetic pressure
B 		magnetic field
 	 	magnetic flux
N	 	number of abrasive particles
S/N              	Signal to Noise Ratio
LN               	OA designation
fLN             	Total degree of freedom of an OA
R                	Number of repetitions
                 	Overall mean of the responses
2 ,2        	Average values of responses at the second level of parameters  A & B 
CICE         	Confidence Interval of confirmation experiments
CIPOP       	Confidence Interval of Population
Fα             	The F-Ratio at the confidence level of (1-) against DOF 1  
fe               	Error DOF        
AFM	 	Abrasive Flow Machining
EDM	 	Electric Discharge Machining
ECM	 	Electrochemical machining
MAF	 	Magnetic Abrasive Finishing
AECG	 	Abrasive Electro Chemical Grinding
UAAFM	Ultrasonic assisted abrasive flow machining 
MRP 		Magneto Rheological Polishing
ECP/ECF	Electrochemical Polishing/Finishing
DOA	 	Dio-iso Octyl Adiabate
DOP		Dio-iso Octyl Pthalate
EMR-AFM	Electrochemical Magnetic Rotational AFM
RSM	 	Response Surface Methodology
ANOVA	 Analysis Of Variance
GRA	 	 Grey Relational Analysis
OA		 Orthogonal Array
GA		 Genetic Algorithm
MR		 Material Removal
SBR		 Styrene Butadiene Rubber
NR		 Natural Rubber
NTR		 Nitrile Rubber
PBS		 Polyborosiloxane
SLM		 Selective Laser Melting
SR		 Silicon Rubber
MS	 	 mild steel

ABSTRACT
The current scenario of industrialization requires need for higher productivity which is met by advanced material removal process, i.e., abrasive flow machining (AFM) in which the internal surfaces of the workpiece is machined to higher accuracy level with the help of abrasive laden media. In this paper, the conventional AFM setup has been made hybrid using electrolytic and magnetic force arrangement alongwith rotational effect in order to achieve better results in terms of material removal and surface roughness. The newly developed in-house polymer media were utilized in the process and the input parameters taken during experimentation were magnetic flux, electrolytic rod size and shape, rotational speed, polymer media, abrasive particles and extrusion pressure. It was found that the material removal and surface roughness improvement were more in electrochemo magneto rotational AFM process compared to conventional AFM process. The experimental values were in confirmation with those obtained in the optimization techniques applied, i.e., Taguchi L9 OA, Matlab fuzzy logic and GRA-PCA. In addition, the hybrid mathematical model was developed and effect of different forces occurring in the process and computational flow analysis of media have been explained. With advent of need for fast productivity in terms of material removal and surface roughness of the workpiece, abrasive flow machining (AFM) process is gaining rapid importance in the industries. In this process, the fine finishing of the internal surfaces is done that are difficult to reach spaces using abrasive laden polymer media. The media is extruded past the surface under high pressure with the help of two sets of extrusion piston cylinder arrangements. Further various innovations done in the field of abrasive flow machining have been studied in detail in a tabulated form. It included the applications of the process and the different variant forms of AFM process. Hence it can be concluded that this form of non conventional machining process is efficient both in terms of surface roughness and material removal. The SBR media resulted in maximum material removal during experimentation, i.e., 3.88 mg when input parameters, i.e., electrolytic voltage, number of extrusion cycles and pressure were taken as 18 V, 4 and 10 bar respectively. The NR, NTR and SR media had intermediate effect of material removal but minimum removal of material was achieved in case of PBS media, i.e., 2.39 mg at 6 V voltage, 6 number of cycles and 30 bar pressure. The material removal was first increased with higher rod size but afterwards its increase was lesser. The surface plots obtained from RSM technique showed that MR obtained was 2.25 mg at 21 bar pressure and 7 number of cycles. As compared to conventional AFM setup, it was found that in EMR-AFM setup, 34.5 % and 17.8 % improvement in % Ra and material removal, respectively, was obtained. It was found that MR was approximately 2.9 mg on an average when machining was done on traditional AFM process, while it increased upto 4.5 mg in prepared hybrid machine setup.
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CHAPTER 1: INTRODUCTION
	This chapter describes the basic principle of abrasive flow machining (AFM) process, its advantages, limitations and applications. Further, the different types of AFM process and the elements of the machine setup are explained in detail. The elements include machine setup, fixture, polymer media used, etc. The process parameters used by different researchers and the work done in the field of polymer media and magnetorheological fluids are discussed. In addition, the process hybrid forms are categorised and given a brief introduction.
1.1 Non Conventional Manufacturing Processes
There are two types of manufacturing processes i.e. conventional and non-conventional processes. In case of conventional process, there is job and tool contact and the tool must be harder than workpiece in order to achieve cutting. There is no direct tool and workpiece contact in unconventional machining processes and various types of energy is used to remove unwanted material and find uses in many of the industries, hard and brittle materials. The life of the tool is reduced and residual stresses are induced in the workpiece due to large cutting forces requirement and production of large amount of heat in the form of cutting chips off the workpiece. 
1.2 Abrasive Flow Machining (AFM)
It is a process of polishing internal surfaces and producing controlled radii by the action of pressurised abrasive laden media against the workpiece surafce. The advantages of this process include more tolerance in terms of surface finish, finishing of more difficult to reach areas and faster finishing rates as compared to manual methods. Abrasive flow machine was first introduced in American based extrudes hone company in 1960s which is used for complex internal inaccessible cavity and shapes. AFM is a unique process developed for fine finishing, polishing by flowing an abrasive laden media. The hard and tough materials are machined because of the flexibility and mouldable properties of the media and it acts as deformable grinding media which is subjected to restricted flow passages.
The AFM process is mainly divided into three parts, i.e.
(a) Machine 
(b) Tooling
(c) Process input parameters of AFM
Its applications can be diversified into pharmaceutical, chemical, production, automobile and aeronautics industry, etc. 
1.2.1 Basic Principle of AFM
The basic machining mechanism of the process is by abrading the surface using high pressure extruded abrasive laden media against the surface. The location and intensity of abrasion can be controlled in AFM process by parameters and proper fixture design. The dozens of holes and passages can be machined easily with accurate results. 

1.2.2 AFM Technology
In the AFM setup, pressure system employing two opposed cylinders is utilised to provide media pressure. The cutting tools are also flexible due to usage of self modulated medium having good viscosity and fluidity. When media enters and exits via restricted passages, the abrasion process occurs causing material removal. The combination of forward and backward strokes makes a complete cycle.
1.2.3 Classification of AFM Process
There are basically three categories of AFM process i.e. one way, two way and orbital. In one-way AFM process (Rhoades, 1989), as shown in figure 1.1 (a), the media is received and extruded through chamber un-directionally via surface of the workpiece that is hydraulically activated by reciprocating pistons. 
                          (a)                                                 (b)                                        (c)
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Figure 1.1 (a) One way AFM machine operation (Rhoades, 1989), (b) Two way AFM machine operation (Tzeng et al., 2007), (c) Orbital AFM machine operation

The two way AFM has two hydraulic cylinders and two medium cylinders (Tzeng et al., 2007). The mandrels and restrictors are used to finish blind cavities, recessed areas and counter bores, etc as shown in figure 1.1 (b). The orbital AFM process is shown in figure 1.1 (c).

1.2.4 Applications of AFM Process
The process applications include the finishing of critical parts, such as control parts, fuel spray nozzles and has numerous applications comprising aeronautical industry (the turbine blades thin layer coatings), medical technology (pharmaceutical machinery, surgical instruments requiring close incisions), automobile (complicated intersections like inlet manifolds of engines), aluminium dies, etc.
1.3 Elements of AFM Process
There are various elements included in the AFM process. The abrasive media determines the type abrasion occurring, the fixture determines its exact location and machine decides the extent of abrasion as the particles are responsible for direct MR action on the surface and fixture is responsible for holding the work piece against the flow of abrasive particles. The type of drill bit and the extrusion pressure of the machine decides the force by which abrasive particles strike the surface. 
[bookmark: _Toc394412645]1.3.1 Fixture 	
[bookmark: _Toc394412646]The fixture is is used to hold workpiece and other process specific accessories, whose machining is to be carried out and its manufacturing is done based on the process. If AFM is used to process external edges or surfaces, the tooling contains the part in the flow passage, restricting the flow between the exterior of the part and the interior of the fixture. The uniform results are obtained in processing of parallel restriction on the process.
1.3.2 Abrasive Media
[bookmark: _Toc394412634]This technique uses polymer containing abrasive particles of Al2O3, SiC, boron carbide or diamond as the grinding medium and additives. The different mesh size abrasive particles, having limited life and generally the ratio of 2 to 12 is taken for abrasive particles and base material. In order to obtain the media rheological and flowability characteristics, the different additives are added. The lubrication purpose in polymer media is fulfilled by the hydrocarbon gel. Nanotubes find applications as additives to various structural materials so an attempt is made to use of nano particle (CNTs) as abrasive with the carrier and Al2O3 to machine the cast iron workpiece. Nano particles have extraordinary properties over available abrasives, so to enhance MR and surface finish nano particles can be used. 
1.3.3 Magnetorheological (MR) Fluids	
Magnetorheological (MR) fluids are defined as micron-sized magnetizable particles (like, iron) suspensions present in a nonmagnetic carrier fluid. The most essential characteristic of these fluid materials is that they can be reversibly and rapidly varied from a Newtonian-like fluid state to a stiff semisolid state under the  application of a moderately strong magnetic field. The columnar microstructure, in turn, dramatically results in the increment of its resistance due to applied shear strain shown in figure 1.2. This feature is the inspiration behind the design of new technology as well as various products such as brakes, clutches, semi active dampers, and numerous other robotic control systems. A typical MR fluid includes certain special additives like anti wear agents and surfactants that enhance its performance in the devices based on MR fluid. The magnetization non linear behavior and oscillation poses difficulties in giving information regarding magnetic properties of the particles.
[image: C:\Users\Satvir singh\Desktop\final final final\Untitled1.png]
Figure 1.2 (a) Behaviour of fluid flow in absence of magnetic field (b) the flow pattern of fluid after application of magnetic field (c) microstructure of MR fluid on application of shear strain rate (Simon et    al., 2001)
1.3.3.1 Properties of MR Fluids
The surfactants and stabilizers play a vital role in MR fluids, the suspended particles induced polarization is increased by surfactants adsorbed while their suspension results with the help of stabilizers. A number of additives (surfactants and stabilizers) are used for prevention of gravitational settling. The diameters of these magnetizable particles lie in the range of 3 to 5 microns. The approximately 30 nm diameter sized particles are generally stable because they are formed of MR fluid pigments. 
1.3.3.2 Disadvantages of Conventional MR Fluids
There are some limitations of the use of conventional fluids. The large micron sizes of the particles are generally responsible for the settling due to gravity when the fluid is not in use for considerable time. However, use of small size of particles improves the colloidal stability. In order to overcome these disadvantages, the Bi-Modal MR fluids are used and the diffusion of small size micron sized magnetizable particles into the MR fluid is known as bi-model fluid.
1.3.3.3 Advantages of Bimodal MR Fluid over Conventional MR Fluid
The bimodal MR fluid has advantages over conventional fluids. The introduction of micron sized particles increases the dispersibility and decreases the sedimentation of the CIP particles. The viscosity of conventional MR fluid is found to be less than the bimodal fluid due to the aggregation of its CIP particles.
1.3.3.4 Modes of MR Fluids
[image: ]There are three types of MR fluid modes, i.e. the valve mode, the shear mode and the squeeze mode, as shown in figure 1.3.
(a)                                                 (b)                                          (c)

                                   Figure1.3 (a) valve mode (b) shear mode (c) squeeze mode
[bookmark: _Toc394412647]

1.3.4 Machine Setup	
All AFM machines regardless of size are positive displacement hydraulic systems, where work piece is clamped between two vertically opposed media cylinder. The media flow rate, abrasion limit and extrusion pressure are determined by the AFM machine. The clamping and unclamping of fixture and tool, media volume flow rate and hydraulic pressure controls are provided, in addition, for controlling temperature of media, viscosity, programmed microprocessors are installed on the machine setup. Several accessories such as part cleaning stations, automatic flow timers, automatic media lubricant replenishment, and media heat exchangers units may also be integrated to the conventional AFM systems. 
1.5 AFM Process Variants
The process can be made hybrid by suitable arrangements and addition of external forces like rotation, magnetic and electrolytic force, etc. some hybrid forms of AFM process are discussed below. The different variants of AFM process include electrochemo magneto AFM, helical AFM, centrifugal force assisted AFM (CFA2FM), spiral AFM, magnetorheological AFM process, etc. These have an additional advantage of more material removal and better surface integrity.
Summary
a) Abrasive flow machining process is the latest technique of non traditional machining in which high removal of material is obtained and is widely used in industries nowadays.
b) There are basically three types of AFM process based on the direction of pressurised media flow.
c) The various elements of the process includes machine setup, fixture, abrasive media, MR fluids, etc.
d) The different variants comprises magnetic, centrifugal, electrochemical AFM processes, etc.


CHAPTER 2: LITERATURE REVIEW
This chapter describes the literature work done by various scientists and researchers in the field of non- conventional machining processes and abrasive flow machining (AFM) process and its hybrid forms. The different process parameters used, work output and input techniques used by researchers are tabulated and explained in detail. The electrolytic, magnetic and centrifugal force assisted AFM processes literature in addition to different polymer media used is analysed.
2.1 Non-Conventional Manufacturing Processes
In non conventional machining processes, the material removal of workpiece takes place without the necessary condition of tool being harder than workpiece. It can be of various kinds like electric discharge, electrochemical, ultrasonic, etc depending on the type of energy source. The various types of unconventional processes and their combination variant processes are explained.
2.1.1 Electrochemical Machining Process and its Variants
In electrochemical abrasive flow machining process, the abrasive media is mixed in electrolyte solution and extruded through the inner surface of workpiece assisted by electrolytic force. The workpiece is connected to positive, while tool is connected to negative terminal and the electrolysis occurs through electrolyte between anode and cathode. In a paper, the glass was micro machined by ECDM process used in various applications like micro reactors, micro fuel cells, etc., as shown in figure 2.1. 
(a)                                                                         (b)
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     Figure.2.1 (a) ECDM apparatus setup (Jui et al. 2013), (b) Electrochemical cell and polarization system (Yang et al. 2011)
It reduced overcut of hole and aspect ratio was improved (Jui et al 2013). A micro stage for feed with step size 0.1 µm, multimeter of resolution 0.01 mA, to control current supply was used. The cross innovation and modelling of ECM was done. ECF/ECP and its variants helped to achieve micro to nano range of surface finish, the parameters affecting the output results included electrolyte properties, position and motion of electrode, etc (Kumar et al 2013). A model was developed in which electrode gap was simulated and modelled and final micro tool diameter was predicted within the accuracy of 94% or 6% variation range to develop tungsten tools (Mathew et al 2012). Grey relational analysis was applies to study and analyse the output results obtained in ECM process (Liu et al 2012).
2.1.1.1 ECM Using Mineral Water Electrolyte
Green machining, low cost, high efficiency electrochemical process was explained, polarization cure was measured in potentiostat of 300 V, working electrode (WE) was workpiece i.e. SUS304, reference electrode (RE) is Ag/AgCl, counter electrode (CE) is tool i.e. WC rod of diameter 0.3mm, as shown in figure 2.1. The mineral water was used in the process. It was concluded that short pulsed supply was rapid than electrolyte NaNO3 (Yang et al 2011).
2.1.1.2 Electrochemical Micro Machining Process (ECMM)
Various types of profiles generated by sinking and milling methods using straight, conical, reverse taper tool was investigated. It was found that lesser the micro tool taper angle, lesser would be taper angle of profile generated during ECMM process. 14.5o taper angle of profile was generated by conical micro tool of 10.5o angle, while 5.14o angle was obtained by 4.34o angle tool (Ghoshal and Bhattacharya, 2015). If molarity value of electrolyte is less than 0.05 M, then electrolytic micro machining (EMM) does not give result, rather micro sparking removes material from the work surface.
2.1.1.3 Electrolytic Magnetic Abrasive Finishing Process and Lorentz Force Study
The effect of magnetic field on abrasive particles was studied. In case of both magnetic and electric fields, the oppositely charged ions move towards electrode in cycloidal path due to the action of Lorentz force. If approach angle of ions towards electrode is not proper, it resulted in poor electrolytic effect. Zinc stearate helped to stabilize steel grit movement, hence used for rough machining. High current and speed of rotation helped in more material removal and better surface finish (Taweel 2008).
2.1.1.4 Electrochemical Discharge Machining (ECDM)
Response surface methodology, i.e. RSM was used in ECDM process since material removal was non-linear. Aluminium frame was used for machine tool, worm and worm gear speed reduction of 25:1 was obtained, worm was attached to stepper motor shaft (Paul et al 2013). Taguchi method of optimization was used to obtain best result.
2.1.2 EDM and its Hybrid Processes
As compared to conventional Cu electrodes, Cu-ZrB2 electrodes showed more MRR, less tool wear. Since the difference between melting points of Cu and ZrB2 is there, the spark mainly passes through Cu, hence the erosion of ZrB2 decreases (Zhang et al 2009).
2.1.2.1 Conventional and Micro- EDM of WC 
It is used where high dimensional accuracy is required in hard materials (Jahan et al 2011).
2.1.2.2 Gas Film Study in ECDM
Gas film plays a vital role in machining quality and efficiency. The electric supply affects the produced gas film, which further affects the electrolyte properties, hence the output material removal and surface finish of the workpiece varies (Jiang et al 2015). The development of bubble occurs and film thickness was in the range 17-29 mm. The advantage of gas bubble is that critical current as well as voltage gets decreased, hence overcutting problem in ECM is prevented.

2.1.2.3 Wire EDM
Addition of SiC abrasive particles in electrolyte improved wire EDM efficiency. The shape accuracy of workpiece was found to be significantly affected by wire vibration and introduction of bubbles in  the electrolyte. The advantage of addition of silicon carbide abrasive particles in the electrolyte is that it prevents the accumulation of bubbles, thereby decreasing the energy used in discharge. The expansion of slit and roughness value were 0.024 and 0.84 µm respectively (Yang et al 2006). The brass wire diameter 0.25 mm was put in contact with cathode and graphite was used as anode, hydrogen bubbles were produced when applied voltage exceeded critical voltage, as shown in figure 6. The temperature controller (401C) was used to control electrolyte properties, while the workpiece was driven by speed controlled motor. The bubbles formation occur more in KOH electrolyte.
2.1.2.4 Magnetic EDM
Gray relational analysis optimization technique applied in magnetic assisted EDM of SKD 61 workpiece (Lin and Lee 2009). Taguchi L18 was applied, parameters taken were machining polarity, high voltage auxiliary current (IH), servo reference voltage (SV). The machine set up comprised digital oscilloscope, current probe, passive voltage probe were used for monitoring discharge voltage and current waveforms. The various EDM process variants and the parameters, tool used in the particular process is given in table 2.1 and electrolytic process variants are explained in table 2.2.
Table 2.1 Electrical Discharge Machining and its variants
	Author, year, area of research/process
	Workpiece
	Tool
	Electrolyte/media/particles
	Parameters

	Zhang et al, 2009, EDM 
	Cu-ZrB2 shell electrodes
	brass
	Al2O3/6061 Al composites (toughness 29 MPa, yield strength 0.3 MPa, hardness 27-87 HRB, thermal conductivity 0.168-0.122)
	Pulse off time 450 ms

	
Yan et al, 2000, Rotary EDM 
	
Steel
	
	
Al2O3 vol. Fraction 0-20%, dielectric  used was kerosene
	
current 1-15 A, pulse off time 1-650 ms, pressure 0-3 kg/cm2

	
Yang et al, 2006, Wire-EDM 
	
Graphite (+)
	
Brass wire (-) of 0.25 mm diameter
	
KOH electrolyte 300 g/L, SiC #200 abrasive
	
Non-load voltage 60-120 V

	
Lin and Lee, 2009, Magnetic-EDM 
	
SKD 61
	
	
	
frequency 100 Hz



Table 2.2. Electrochemical force assisted AFM process and its variants
	Author, year, area of research/process 
	Workpiece
	Tool used
	Electrolyte/media/particles
	Parameters 

	Jui et al, 2013, ECDM 
	Glass of thickness 200 µm
	Electrode: Anode: Steel of thickness 8 mm, cathode: WC rod of diameter  100-300 µm

	NaOH of 0.1-7.5 M
	Rotation speed:0-2500 RPM, feed with step size 0.1 µm, multimeter of resolution 0.01 mA


	Yang et al, 2011, Eco-friendly ECM 

	working electrode (WE) was workpiece i.e. SUS304
	counter electrode (CE) is tool i.e. WC rod of diameter 0.3mm.

	
	

	
Kurita and Hattori, 2006, EDM and ECM/ECM lapping 
	
EDM processed workpiece
	
machine tool size 557 x 604 x 655 mm, weight 80 kg
	
	
Power supply 0.75kVA, travel range 200 x 110 x 110 mm, feed rate 600 mm/s, resolution 0.1 fEm

	
Yan et al, 2003, Electrolytic MAF 
	
SKD11, HRC61
	
	
abrasive WA, 1.2 µm, 0.4 g, steel grit 180 µm, 3.6 g, unbounded magnetic abrasive 4 g.

	
magnetic flux 0.85 T, electrode gap 2-5 mm

	Ghoshal and Bhattacharyya, 2015, ECMM 
	
	Micro tools 110 µm straight, conical 10.5o taper, reverse taper 2o
	Sludge H2SO4 electrolyte of molarity 0.05-0.3 M
	pulse frequency 5 MHz, duty ratio 35%.


	
Paul, 2013, RSM-ECDM 
	
Graphite plate 50 mm x 30 mm x 5 mm
	
WC wire of 300 µm
	
30 wt.% electrolyte, 
	
MRR was found to be increased at high concentration and equal to 0.96 mg/hr at 25 wt% concentration and 60% duty cycle, whereas tool wear rate was minimum at high concentration i.e. 0.62 mg/hr.


	Liu et al, 2015, ECM 
	TiAl intermetallic
	electrode feed 2 mm/min
	electrolytic pressure 0.8 MPa
	35 V



The magnetic field assisted AFM process and its variants as well as magnetorheological finishing processes are explained in table 2.3 with details of tool, workpiece and dielectric media used.


Table 2.3. Magnetic assisted finishing process and its variants
	Author, year, area of research/process 
	Workpiece
	Tool used
	Electrolyte/media/particles
	Parameters 

	Sidpara and Jain, 2013, MR fluid based finishing [57]
	
	permanent magnet attached to base of tool, N-Fe-B (N 50 grade)
	CIPs size 6 mm, 40 vol%, diamond particles 6 mm, 3.5 vol%, 48.5 vol% water, 8 vol% glycerol.
	48-51 mega Gauss Oersted

	
Sidpara and Jain, 2012, MR fluid based finishing
	
	
permanent magnet sintered Nd-Fe-B N 48 grade
	
Particle diameter 2 mm, HS grade, 8 vol% glycerol
	

	
Niranajan and Jha, 2014, Ball-end MAF 
	
M.S. workpiece
	
BEMRF tool
	
55 vol% fluid, 16 and 4 vol% CIPs CS and HS grade respectively, 25 vol% abrasives.
	

	
Gorona et al, 2006, MAF 
	
ferromagnetic alloy steel
	
ferromagnetic alloy steel
	
mixture of SiC (600# mesh) and ferromagnetic particles (300# mesh) in the ratio 1:4 by weight
	
magnetic flux 0-0.44 T, gap 1-2 mm

	
Singh et al, 2012, Bal-end MR finishing 
	
ferromagnetic surfaces
	
electromagnetic coil is rotating core iron
	
	
Current 0.9999914 A, no. of turns 2000

	
Singh and Shan, 2002, Magneto-AFM 
	
	
Pole and yoke material Mild Steel 0.25% C, pole size 35 mm diameter, copper wire diameter 1.21 mm, number of turns 1500
	
	
Magnetic flux 0.9 T, current 3.5 A.



2.2 Hybrid Conventional and Non-Conventional Advanced Machining Processes
	The following are the combination of traditional and non traditional processes.
2.2.1 EDM and ECM/ECM-Lapping 
Same machine tool, same electrode i.e. copper and same machining liquid water were used the experiment was performed using formed electrode and simple shaped electrode. The EDM surface of Ra i.e. 1 mm was reduced to 0.2 mm by further ECM application. 
                          (a)                                                                 (b)
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Fig.2.2 (a) Machine tool system (Yoon et al. 2014), (b) CFG rod and nylon fixture arrangement (Vaishya et al. 2015)
If EDM and ECM lapping was used then surface roughness was improved upto 0.07 mm in 2 min (Kurita and Hattori 2006). The machine tool system of ECM-lapping process is shown in figure 2.2 (a). ECM is applied after EDM because it produce smooth, stress-free surface.
2.2.2 Electrochemical Grinding (AECG)
The electrochemical grinding of sintered carbides G20, titanium alloys WT31 was done and it was concluded that wear in conventional grinding was 6 times more as compared to AECG. The grinding of tool was 15 times lesser in AECG as compared to mechanical grinding (Zaborski et al 2004).
2.2.3 Rotary EDM with Ball-Burnishing of Al2O3/6061 Al Composites
The parameters were peak current, dielectric flushing pressure, electrode rotational speed, non-load voltage (Hwa et al 2000).
2.2.4 Modelling of Hybrid Electrochemical Turning Magnetic Abrasive Finishing
DC motor was used for rotating workpiece. Magnetic flux of 0-0.24 T, working gap 1.5 mm, copper wire diameter 1 mm, soft iron was used as magnetic pole and core since it has high magnetic permeability (Yan et al. 2003). The solenoid coils were connected in series. , feed 0.02-0.1 mm/min, voltage 8-24 V, electrolyte pressure 0.4 MPa, speed 125-750 RPM, flow rate 2 lit/min, machining time 1.5 min. The electrolytic ions path changed from linear to curved in the presence of magnetic field.
2.3 Abrasive Flow Machining Process and its Variants
Kenda et al. (2014) found that the AFM polishing process novelty study having movable mandrels in order to obtain improved performance of the product manufactured in the process. In the paper of AFM process, bevel gears are micro manufactured using special tools (Venketesh et al. 2014). The high temperature in the AFM process decreases the viscosity of the polymer media used for cutting action or finishing process (Uhlmann et al. 2009). The hybrid AFM process increases the efficiency of the conventional process (Jain 2008). The design of the optimum results, media and AFM setup has effect on the process (Zhang et al 2009). For extrusion pressure used in AFM, dies and molds are made of Al and steel that resulted in optimum output (Williams et al 2007). The AFM process used turbulent flow model and volume of fluid (VOF) model in case of zigzag channel to check the regularity of process (Tang et al 2010). In AFM process, the MRR was affected by various factors like abrasive grit size, pressure, etc (Williams and Melton 1998). The discussion of the pressure difference between entry and exit of the system was extensively done in case of steel pipe in AFM process that used copper and nylon fixture (Zhang et al 2009). The cleaning of the wall of steel tube in AFM process was discussed (Pengfei et al 2009). The cleaning technology helped to remove the material using the developed the mechanical model in lesser time to get accurate results in case of steel tubes (Pengfei and Jiazhi 2010). The Ansys and finite element analysis (FEA) software were used to obtain strength and rigidity of rail parts in AFM experiments (Li et al 2010). The abrasive particular move in such a way that it increase the hardness of workpiece and decrease the groove regime in AFM process, using 3-body abrasion (Fang et al 2009). The energy consumption and roughness was decreased, flow improved by increasing abrasive concentration, in case of extruding grinding which is affected by cycle time (Yang 2009). The SBR media was developed and used to finish different materials in AFF process (Sankar et al 2009). The force on abrasive grain was predicted and the depth of indentation was calculated to check the material deformation (Gorona et al 2006). The different parameter like workpiece modulus of elasticity, yield strength, load, grain size had effect on the amount of material removal (Yang and Kao 209). In the paper, abrasive electrochemical grinding (AECG), electrochemical honing and abrasive electrical discharge machining (AEDM) were studies (Kozaka et al 2001). 
The optimum Ra was obtained when extrusion pressure was kept at 40 bar, while uniform roughness at 70 bar (Swata et al 2014). The different type of mechanical advanced machining process were discussed (Jain and Jain 2001). In AFM process the viscoelastic carrier affected the mixing that reduced the modulus of media by 10-86 % (Kar et al 2012). The non-Newtonian fluid is used as polymer media in AFM process that were affected by strain and temperature, the velocity of A-Silicone is 20 times lesser than P-Silicone (Wang et al 2007). The temperature change of workpiece was predicted by help of specific energy in AFM process i.e. 10-110 J/mm3 (Jain and Jain 2001). The surface integrity obtained by EDM process was enhanced by AFM process (Kenda et al 2011). The sustainability of manufacturing process was discussed in 3 sections, Type A, B, C, were denoted to explain the energy, material efficiency and materials or components used (Aurich et al 2013). The surface roughness was improved with the help of ball-shaped pole of magnetic brush that was flexible in nature (Lin et al 2007). The CFD method was used to study the flow of media in AFM process that concluded that shear rate affected media viscosity, and the working gap had the significant effect on the surface finish (Wang et al 2009). The simulation was done to reduce the cost and effort in process layout so that AFM process could be run smoothly (Uhlmann et al 2013). The twin flapper nozzle valve was used in AFM model to obtain high accuracy (Yang and Sha 2014). The section geometry, air supply in the way of workpiece in fluidized bed had been highlighted to study the process effect (Barletta 2009).    
2.3.1 Vibration Force Assisted AFM Process
In the hybrid vibration abrasive flow machining process, the media is extruded to and fro through two media piston-cylinder arrangement and the process is assisted with the help of vibration force. In the paper, the workpiece was in vibration motion orthogonal in direction to media flow. The frequency is in the range 5-20 kHz. Responses were velocity, pressure of fluid, temperature, the pressure-velocity diagrams well explained the advantage of ultrasonic assisted abrasive flow machining over conventional AFM process. The temperature had no effect on the media stability (Gudipadu et al 2015). ANSYS FLUENT software was used to simulate the velocity, pressure and temperature distribution and CFD was used to study the path of flowing media.
2.3.2 Abrasive Assisted Electrochemical Process
Reinforcement particles has a significant effect in abrasive assisted ECM of Al-B-carbide graphite composite. Al composites are used in aerospace and automotive industries, boron absorbs neutron and graphite was added to improve tribology. In the paper, ECM was used and surfaces obtained were smoother as compared to that obtained by laser and electric discharge machining that produced het affected zone (Sankara and Babu 2014).  The abrasive particles in electrolyte solution increased the MRR.
2.3.3 Electrochemical and Centrifugal Force Assisted AFM
ANOVA was applied for significant parameters identification so that maximum material could be removed during machining process. The various input variable parameters selected were RPM, salt molal concentration, operating pressure, the pressure was kept at 6 MPa (Walia et al 2015). 

2.3.4 AFM of Slit Fabricated by EDM
Analysis of variance (ANOVA) and signal to noise ratio (S/N) were used to identify significant combination of parameters so that optimum material removal and surface quality is obtained. After eliminating the recast layer produced by EDM, the optimum parameters were 150 µm, concentration of 50%, pressure 6.7 MPa and time of machining was 30 min (Tzeng et al 2007). If the concentration of media was high, the viscosity increased, thereby improving the surface finish of workpiece. The precision of surface was reduced due to high extrusion pressure.
2.3.5 Magnetic Field Assisted AFM Process and its Variants
2.3.5.1 Magnetorheological AFM
In this paper, applied magnetic field was used to calculate the normal force on abrasive grain, and microstructure of abrasive and magnetic particle was studied. The CIP chain around SiC abrasive particle was formed. The active abrasive particles actual participating in cutting action were calculated using developed model (Das et al 2008).  If the number of cycles and current was increased then surface roughness value was found to be decreased.
2.3.5.2 Ball-End MR Finishing Process
If MRP fluid was conditioned after several cycles of finishing operation, then it was forced to flow, otherwise the already stiffened ball end of fluid  continuously flow towards the tool tip (Singh et al 2012).
2.3.5.3 Double Disc Magnetic Abrasive Finishing of Paramagnetic Materials
Aluminium disc with 4 NdBFe magnets is used. Al is used as casing because permeability is 1, hence magnetic lines of force are not affected (Kala and Pandey 2015). The best surface finish results were obtained when working gap was 1 mm, 18% abrasive particles, speed 436 rpm for stainless steel, 36% by weight abrasives and 467 rpm speed. 1200 mesh size abrasives and feed 1mm/min resulted in best surface finish output.
2.3.5.4 MR Fluid Flow Behaviour
At different magnetic flux densities, the rheology graphs were plotted to analyse the flow pattern of the bidisperse fluid prepared (Niranjana and Jha 2014). The paper showed that bidisperse fluid has more yield strength and viscosity than monodisperse fluid.
2.3.5.5 Force Study in MAF
Ring dynamometer was designed and fabricated to experimentally study the forces acting during the finishing process. The material removal mechanism can be understood through this measurement. For recording the experimental data, Lab-view software was utilized (Singh et al 2006). If we increased the current supply to the prepared electromagnetic setup, the magnetic flux increased, subsequently the surface roughness and forces too decreased.  The machine setup was fixed on vertical milling machine. The Force study in magnetorheological fluid based finishing process was carried out. MRFF tool was mounted on CNC milling machine. Since the area of contact of MR fluid brush is high with curved work surface, hence the experimental values of forces measured were larger than theoretical ones (Sidpara and Jain 2013) [57]. The tangential and normal forces increased with increasing concentration of CIPs and abrasive particles Sidpara and Jain 2012).
2.3.6 Electrochemical Assisted AFM Process
In this process, viscoelastic polishing media is prepared containing NaCl as well as polishing abrasives. When the direct current supply is passed, the workpiece acts as a anode and the electrode is used a cathode. As per Faraday’s law of electrolysis, anodic dissolutuion of workpiece surface peaks takes place which softens the peaks of workpiece and mechanical abrasion takes place during the process.
2.3.7 Helical AFM Process
This is a slow process having low material removal rate and this limitation is overcome by the hybridization of the process, like Helical Abrasive Flow Machining process where drill bit is attached in the inner hole of work piece and held stationary. Lower and upper fixtures are tapered for proper media flow. The polymer media self deformability property affects the reshuffling and intermixing of the abrasive particles. The material removal is less due to small contact length covered by the abrasive particles flow. In hybrid process of helical AFM, further pressure from drill bit also makes the process more effective. There are three types of drill bits viz. splined, two and three start helical flute drill bit as shown in figure 2.3. The different flow patterns are observed like scooping flow, axial flow and flow along the flutes and this combination of flows result in removing the exact straight line path of movement of abrasive particles and increase the shearing of number of hard surfaces on the rough work to be machined and higher material removal is achieved.



(a)                              (b)                                 (c)                                   (d)
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Figure 2.3 Three types of flows that in finishing zone (a) Flow Along Flute, (b) Axial Flow Motion, (c) Scooping, (d) all the three motions
The different innovations made in the field of AFM process are tabulated as shown in table 2.4.
Table 2.4. Innovations in the field of AFM
	S.No.
	Topic
	Work done 

	1
	Magnetorheological AFM (MRAFF) process (Jha et. al, 2007)
	In this paper, principle of MRAFF process and the effect of extrusion pressure, number of finishing cycles on the Ra is studied.

	
2
	
Ellipsoidal particles’ pattern movements in AFM (Fang et al., 2009)
	
The ellipsoidal particles movement on the basis of equivalent circle is analysed. It includes sphere particle modelling, prediction of 2-D ellipsoidal particle in relation to rotating angle. Further oblate sphere approach alongwith particle in 3-body abrasion is analysed.

	
3
	
Bevel gears finishing (Venketesh et al., 2014)
	
For finishing bevel gears, AFM simulation is done and experimental procedure based on Taguchi analysis is done. Then effect of parameters on roughness is analysed followed by optimality check and surface morphology.

	
4
	
Magnetic pole arrangement study in Magnetic Abrasive Machining (Yoon et al., 2014)
	
Effect of surface finish w.r.t. abrasive mixing ratio, dry and wet processing conditions, spindle speed and magnetic pole arrangements is studied in detail.

	
5
	
MR fluid rheological characterization (Jha and Jain, 2009)
	
Magnetorheological polishing fluid rheological behaviour, characterization and experimentation alongwith capillary magnetorheometer design is done. The results of rheological properties’ variation with SiC mesh sizes and magnetic flux density are analysed in detail.

	
6
	
Surface roughness modelling and simulation in MRAFF process (Jha and Jain, 2006)
	
In this the chain structure and unit cell modelling is done, forces are analysed and surface roughness simulation is done.

	
7
	
Al/15% SiC-MMC finishing(Mali and Manna, 2010)
	
Here, response characteristics based parameters optimization, ANOVA for MR, Ra and decrease in Ra, development of mathematical models and SEM examination is done.

	
8
	
Micro channel surfaces finishing by AFM using self modulating abrasive medium (Tzeng et al., 2007)
	
In this paper, effect of media concentration, size, machining time on media viscosity is studied. In addition, abrasive mesh size, machining parameters, abrasive concentration, extrusion pressure, machining time effect on surface roughness is analysed. The wearing of abrasive on grain before and after AFM is done and shape precision is increased.

	
9
	
Temperature and specific energy determination in AFM (Jain and Jain, 2001)
	
The material removal mechanism, forces and specific energy, heat transfer in AFM process. 

	
10
	
Steel pipe cleaning technology in AFM (Zhang et al., 2007)
	
Here cleaning of steel pipes was done using abrasive flow machining process.

	
11
	
Polymer abrasive gels development (Wang and Weng, 2007)
	
In this the effect of abrasive polymer gel properties, its effect during up and down cycles, abrasive concentration, mesh size is studied. Further, surface situation after AFM is studied and abrasive medium durable properties are analysed.

	
12
	
Micro-hole design and simulation in AFM (Li at al., 2009)
	
Here system designing is done, parts options, system power design is done. The process equipments key structure design including abrasive cylinder, common rail pipe fixture, AFM equipment overall structure design was done. Then finite element analysis of the components, common rail part modelling and simulation is achieved. Further entrance and exit condition exchange simulation, separate branch machining and four branch synchronous machining simulation is also done.

	
13
	
twin flapper nozzle valve injector nozzle prediction system in AFM (Yang and Sha, 2014)
	
Here processing parameters and quality interactional relationship including quality index, pressure, particle size, is analysed. The prediction model for injector nozzle, RBF network design, its training algorithm, sample data obtaining and pre-processing s done followed by network learning and system realization and experimental validation.

	
14
	
Laminated tooling conformal channels sealing and finishing using AFM (Williams et al., 1998)
	
In this PEL tooling, conformal cooling, its design specimen and then leak testing is done. Then material removal statistical analysis and 3-D surface profiling is done.

	
15
	
Nano-finishing of MMCs using AFF process (Shankar et al., 2009)
	
The effect of extrusion pressure, processing oil, number of cycles on Ra and MR  is analysed.

	
16
	
Polishing and equipment study of AFM process (Yang and Zhao, 2007)
	
In this abrasive flow technology, polishing fluid, application and characteristics of abrasive flow, polishing equipment, micro hole flow polishing device is studied. In addition, polishing fluid preparation and micro hole surface roughness testing is done.

	
17
	
Mould softness structural surface machining using AFM (Tang et al., 2010)
	
The softness abrasive flow math model includes volume fraction equipment, additional scalar equation, turbulent kinetic transport equation, dissipation rate transport equation and boundary equation re studied. In addition, model calculation, initial conditions and grid division is studied.

	
18
	
Butyl rubber based media rheological characterization and performance evaluation for AFM process (Kar et al., 2009)
	
In this the experimental work included materials like abrasive, visco-elastic carrier, processing oil, metals used and the measurements include AFM setup, two-roll mill, pneumatic cutter, hydraulic press, AR 1000 rheometer and surface roughness tester. Then surface roughness was used to evaluate media, characterization of media and creep testing was done.

	
19
	
Rheology study of abrasive gel and its finishing behaviour in AFM (Wang et al., 2007)
	
In this paper, the finishing geometry is studied and coefficient of power law and simulation results of velocity, pressure, shear rate and shear forces is analysed in detail.

	
20
	
Complex holes uniform surface polishing (Wang et al., 2009)
	
In AFM process of complex holes, power law usage with and without  mould core of chain hole, chain hole with two cylinders and chain hole with chain shape core is studied and analysed in detail.

	
21
	
AFM of micro slit fabricated by wire-EDM (Tzeng et al., 2007)
	
The machining time and media viscosity relation is analysed using signal to noise ratio, ANOVA and shape of surface and form of micro slit after wire EDM process is analysed. In addition, the effects of temperature, abrasive particle concentration and extrusion pressure on roughness of workpiece is studied.

	
22
	
Ultrasonic assisted AFM (UAAFM) process (Sharma et al., 2015)
	
Here material removal mechanism is understood in detail, alongwith machine setup, media and workpiece preparation, measurement and characterization. Then process parameters are selected for regression analysis and the finishing through AFM and UAAFM processes are compared. Afterwards X-ray diffraction analysis and SEM of machined surfaces is done.

	
23
	
AFM application in gas turbines (Perry and Stackhouse, 1989)
	
In this paper, it was found that abrading was highest where media velocity was greatest. The turbine applications included airfoil polishing, edge radiusing and removal of thermal recast surfaces.

	
24
	
Polygon holes helical passageways AFM study (Chen and Cheng, 2014)
	
Here, material property, internal helical motion, and simulation results including helical grooves different numbers, helical passageways on square, hexagonal, octagonal  hole effects were studied and compared with the corresponding experimental results.

	
25
	
CFD simulation and process modelling in AFM (Wan et al., 2014)
	
In this, modelling methodology approach of media flow governing equation, abrasive media rheology model, material removal model, wall slip model are built and then extraction of model constants and the equations solutions are obtained. Then extracted models, experimental and simulated setup results are compared.

	
26
	
Ra and MR modelling (Jain et al., 1999)
	
Media flow modelling constituting basic continuity i.e. mass conservation equations, non dimensionalization, formulation of finite elements and boundary equations were generated. 

	
27
	
Surface roughness prediction simulation in magnetic AFF process (Wani et al., 2007)
	
Here mathematical modelling including governing equation, modelling of machining pressure, material removal and surface roughness is done followed by experimental validation.

	
28
	
AFM process modelling on ceramic materials (Uhlman et al., 2009)
	
In this the technological investigation of the process in simple structures, complex structures surface formation and process model was developed.

	
29
	
AFM modelling and energy efficiency (Kenda et al., 2014)
	
The AFM of gear manufacturing, novel AFM upgrade to AFM mm was done followed by energy efficiency of both processes and geometrical and fatigue results.

	
30
	
AFF of stereolithography prototypes (Williams and Melton, 1998)
	
Here rapid prototyping of streolithography is done and flatness and other results were recorded alongwith scanning electron microscopy and data dependent system analysis.

	
31
	
New nozzle AFM machine tool (Bin et al., 2012)
	
Here the working mechanism of nozzle AFM tool and its control algorithm comprising flow coefficients, intelligent control algorithm, control system development platform and control system software is generated.

	
32
	
Small hole abrasive flow ultra precision polishing technology (Zhang et al., 2009)
	
In this study the AFM equipment and clamp was designed and media was prepared and the process parameters i.e. extruding pressure and extruding range and time were measured.

	
33
	
Micro hole AFM based on Delphi language (Li et al., 2009)
	
The motion control method of AFM was based on system design, software design and experimental test results.

	
34
	
Plastic gear matrix polishing using AFM (Kenda et al., 2014)
	
It included CFD analysis of process, and surface roughness experimental results included gear tooth face profile, prediction models, plastic gears lifespan tests and analysis.

	
35
	
Work efficiency monitoring using temperature in AFM (Fang et al., 2009)
	
Here data comparison between AFM machine and test rig was done and effect of number of cycles, media viscosity on MR and surface Ra was studied.



The literature review related to electrochemical, centrifugal force and magnetic field assisted AFM process, modeling and simulation of these hybrid processes and different media used was done and explained in the table 2.5


Table 2.5. Conventional and hybrid AFM processes
	Author and Year
	Research Work Done
	Parameters Used
	Output Results

	1.
	Abrasive Flow Finishing Process


	R.E.Williams et al., 1998 

	AE power = a MRR, where a is a proportionality constant depending on tool and workpiece properties.
Root mean square 
RMS AE = 	,where f is feed rate,  is tool contact area.
	
	(a) The primary AE signal had a frequency 160 kHz due to the type of work material and formation of AFM flow lines.

	Wang et al., 2007 

	Lower cost and effective abrasive media were developed to enhance the roughness of wire electric discharge machined (WEDM) surface.
	Medium = P-Silcone, A-Silicone
Workpiece = mold steel (SKD 11)

	The surface roughness value will reach a minimum by utilizing high concentration medium, ex. The roughness value improvement will come to 84% only after 5 cycles by using A-Silicone with 60% concentration.


	Bahre et al, 2012 

	The goal is to improce surface quality and reduce stress concentrations at bore intersections due to abrasive deburring.
	Medium : EM24640
Abrasive: 
Size : 300-600 µm
	(a) The machined AISI 4140 workpieces showed a significant improvement in surface values  and .


	Chen & Chan, 2014 

	Analytical model was developed to understand the abrasive media motion in different passageways using CFD-ACE software.
	A-Silicone gel
Abrasive: SiC
Mesh size: 100#
Weight %: 50
	Helical passageways can perform better than polygonal passageways even after polishing after only 5 cycles.

	
Ibrahim et al, 2014 

	
Taguchi concept, L-18 mixed orthogonal array is used to determine S/N ratio and optimize process parameters.
	
Workpiece: Al alloy
Abrasive conc.: 25%
Grain size: 355 µm
Extrusion pressure: 8 MPa
Number of cycle: 40
	
(a) The optimim condition for maximum material removal is 140 mm stroke, 8 MPa pressure. 

	
2.
	
Electrochemical Assisted AFM

	Jang et al, 2010

	An electrochemical polishing process using MR fluid was used to polish very hard materials like glassy carbon (GC).
	Permanent magnet = Neodymium-iron alloy (NdFe)
Flux density = 0.1-0.2 T)
MR fluid = DI water based suspension of CI particles (42 vol%)

	This process increased the MRR and improved the surface roughness by 14 times as compared to conventional process, which suggest that the oxidized layer was much softer and electrochemically more active than the bulk GC material.



	Yang  et al, 2011 

	The paper presented a new  electrochemical micromachining method that use mineral water as an electrolyte. The process is a green machining, high precision and low cost.
	Electrolyte = mineral water
Electric conductivity = 0.015 S/m
pH = 7
Water hardness = 33.1
Voltage = 30V
Workpiece = stainless steel (SUS304)
Tool = WC
	(a) The advantage of using mineral water as an electrolyte is that is unpolluted, low cost, no corrosion and wear of machine tool.
(b) A WC micro pin with dia. 25µm is obtained from 300 µm dia. In 10 min.





	Paul & Hiremath, 2013

	The effect of process parameters of ECDM on MRR is studied on borosilicate glass. As MRR is non linear, RSM is used for process parameters optimization.
	Voltage = 50-70V
Electrolytic concentration (% wt.) = 20-30
	(a) TWR decrease with increase in concentration
(b) TWR increases with increase in voltage as most of heat will be dissipated through tool materials than through workpiece or electrolyte.


	Brar et al, 2015 

	The paper is about the development of novel hybrid of ECM and AFM, i.e. electrochemical- aided abrasive flow machining (ECFM) process. The various parameters have been optimized based on Taguchi method and using standard  orthogonal array (OA)
	Voltage = 0-15V
Salt molal concentration = 0.75-1.25 M
Abrasive grain size = 100-200 mesh
	(a) A fast ECFM process requires less number of cycles.






	
3.
	
Magnetic Field Assisted Abrasive Flow Finishing

	Sehijpal et al, 2002 

	The paper reported the results of mixed factorial design experimental study to understand the MR and wear behavior, with the help of scanning electron microscopy (SEM).
	Extrusion pressure = 15 bar
Media flow rate = 450/min
Abrasive conc. = 1.5:1 

	(a) The interaction magnetic field of no. of cycles is significant for Al but insignificant for brass.
(b) The MRR from brass in AFM and MAAFM is higher than that for Al.


	Taweel, 2008
	In the paper, integration of electrochemical turning (ECT) and magnetic abrasive finishing  (MAF) was done that improved MRR and Ra. It also emphasized RSM model for correlating the influence of magnetic flux, voltage on MRR and Ra of 6061 Al/
	Tool = brass
Voltage = 8-24 V
Electrolytic pressure = 0.4 MPa
Electrolyte = 20% 
Magnetic abrasives = (1.5µm)+ steel (150µm)
	ECT-MAF process resulted in material removal rate of 68 mg/min and surface quality less than 0.15µm.









	
Givi et al, 2012 

	
3-level factorial method was used to investigate the gap between poles, cycles and magnetic abrasive powder on finishing of aluminium piece.
	
Magnetic abrasive powder mesh size: 100-140 # 
Weight of abrasive: 1-3 g

	
The higher rotational speed of poles improved the surface quality in MAF process, the ideal parameters to achieve optimum condition were 3 number of cycles, 1.5 mm of working gap and 2 g weight of magnetic abrasives.



	Amineh et al, 2013 

	The magnetic abrasive finishing (MAF) is used for removing recast layer. In addition, regression based equation is used to indicate relation between surface roughness and recast layer thickness.
	Voltage: 110 V
Pulse off time: 35 µs
Servo: 30 V

	(a) The recast layer removal and surface roughness improved by increasing abrasive particle size.


	
Judal & Yadava, 2013 

	
The objective of paper was to simulate cylindrical electro-chemical magnetic abrasive machining (C-EMAM) for magnetic stainless steel (AISI420). 
	
Current  to electromagnet = 0.5-2.5 T
Electrolytic current = 0.5-2.5 T
Electrolyte = 20% dilute .
No. of turns = 2000

	
(a) The normal and tangential cutting forces developed due to magnetic field are more at edges of magnetic poles.


	Yamaguchi et al, 2014 

	In this paper, it is shown that magnetic abrasive finishing (MAF) improved surface roughness with minimum material removal, while maintaining surface functionality.
	Magnetic particles: steel grit (700 µm), iron particles (44-105µm), 0.5 g total
Abrasive: 0-1 µm diamond paste, 40 mg.
	Mixing large and small particles is best method to adjust magnetic force, and smoothing with minimal material removal is essential for coated tool finishing.






	4.
	Centrifugal Force Assisted AFM

	Walia et al, 2008 

	The paper presented a mathematical model developed to calculate number of dynamically active particles participating in finishing operations in AFM and centrifugal force assisted AFM.
	Extrusion pressure = 40 bar
cycles = 3
Shape of CFG rod = rectangular
Speed = 72 rpm
	(a) Modification of distribution pattern of abrasives cause more particles taking part in abrasion.
(b) Number of dynamically active grains in the media increase due to centrifugal effect.


	5.
	Abrasive Laden Polymer Media Used in AFM

	Tzeng & Yan, 2007 

	SiC
	Stainless steel (SUS 304)
	Silicone oil
Polymer, wax medium




In table 2.6, the output results in case of various hybrid abrasive flow machining processes  are explained clearly.
Table 2.6. Output results obtained in various hybrid AFM processes

	S.No.
	Author, year, area of research/ process
	Output results

	1
	Jui et al, 2013, ECDM [35]
	The surface roughness less than 100 µm was achieved during machining on glass. If the concentration of electrolyte was decreased, tool wear and hole taper were decreased by 39% and 18% respectively.

	
2
	
Yang et al, 2011, Eco-friendly ECM [36]
	
Production of micro pins of size 20-30 µm from pin of 300 µm using ECMM was done in 10 min.

	
3
	
Kurita and Hattori, 2006, EDM and ECM/ECM lapping [4]
	
surface roughness was improved upto 0.07 mm

	
4
	
Mathew and Sundaram, 2012, Pulsed ECM [38]
	
High aspect ratio of 280-450 was achieved when fabrication of tools was done.


	
5
	
Walia et al, 2015, EC2A2FM [33]
	
The time of machining was reduced by 70%, hence the cost was largely reduced, maximizing the production rate and profitability. The obtained Ra was in the range 0.5-0.6 Ra.


	6
	Singh et al, 2012, Bal-end MR finishing [53]
	The surface roughness was reduced upto 16.6-123.7 nm for 60 passes of finishing on ferromagnetic surfaces.


	
7
	
Singh and Shan, 2002, Magneto-AFM [59]
	
It was found that material removal increased more with magnetic flux as compared to improvement in surface quality.


	
8
	
Taweel, 2008, EC turning MAF [46]
	
surface roughness of 0.15 µm was achieved.





Summary
a) The electrolytic process is explained alongwith electrolyte used and Lorentz force study.
b) The electric discharge process including micro EDM, wire EDM and magnetic EDM processes are studied in detail.
c) Various hybrid conventional and non conventional processes included electrical grinding, centrifugal EDM, electrochemical turning processes, etc.
d) Further the variants of AFM process included the use of vibrational force, magnetic force and magnetorheological AFM processes are studied.






















CHAPTER 3: PROBLEM FORMULATION
	This chapter deals with the formulation of problem and research objective after thoroughly finding the gaps in the past research. Further the research methodology i.e. the steps of working is detailed. The present investigation of hybrid AFM process both experimentally and mathematically is successfully done and the results are briefed in the following chapters.

3.1 Research Gap
a) On thorough scrutiny of the published research work on magnetic field assisted abrasive flow machining (AFM) and electrolytic finishing processes, it has been observed that the finishing forces during processing has not been controlled by external means. Hence, material removal as well as surface roughness has not been controlled during processing. So, sufficient efforts are required towards the study of combined electrochemical and magnetic field assisted abrasive flow machining (AFM).
b) The parameters that affect ECM are poor source characteristics, electrolyte properties, electrodes, their relative positions. It is observed that individual as well as collective effects of several parameters are still not fully understood.
c) Several mathematical and empirical models have been developed pertaining to prediction of material removal and surface finish, however most of them are specific and can’t be generalized. Hence, comprehensive modeling and simulation of ECM is necessary.
d) The enhancement of performance of ECM in terms of surface finish and material removal using magnetic field have been demonstrated but many of them need complete exploration.
e) The parameters related to electrolyte and work/tool characteristics are responsible for the surface generated, hence elaborate studies are needed on them.
3.2 Research Objectives
In light of the above-mentioned gaps, the present investigation aims to analyze electrolytic and magnetic field assisted abrasive flow finishing with the following objectives:
a) Design and development of the magnetic field assisted electrochemo abrasive flow finishing (MFAECAFF) set up.
b) Development of new abrasive laden polymer media and study their rheology.
c) To study the effect of variation of various process parameters (i.e. magnetic field, concentration and type of electrolyte, type of media, extrusion pressure and No of cycles etc)  on the response such as material removal and surface roughness.
d) Multi-response optimization various process parameters of developed Hybrid MFAECAFF process. 
e) To model and simulate the design of magnetic field assisted electrochemo abrasive flow finishing (MRAECAFF) process.
3.3 Research Methodology
a) In the present research, the authors have fabricated hybrid electrochemo magneto rotational abrasive flow machining setup and experimentation was done using newly developed polymer media based on SBR, natural, nitrile, PBS and silicone rubber. 
b) RSM technology was employed to arrive at the result that which of the developed media suits best in terms of material removal. Then experimentation design was developed based on Taguchi L9 OA and experiments were performed on the developed hybrid machine setup. 
c) Then the output results, i.e., MR and Ra were analysed in detail, i.e., effect of magnetic flux, ECM rod size and voltage on output results were analysed graphically. 
d) Further, Matlab fuzzy logic optimization, gray relational analysis approach were also utilized and the results were compared so as to arrive at the best optimized result. 
e) Apart from experimentation, the mathematical and computational modeling of the developed EMR-AFM setup is also done in detail. 
f) The voltage, magnetic flux, flow parameters and cutting forces are calculated and computational flow dynamics of developed EMR-AFM fixture is also done, alongwith various physical models and algorithms.

















CHAPTER 4: EXPERIMENTAL INVESTIGATION OF EMR-AFM PROCESS
	In this chapter the hybrid experimental machine setup is described in detail and then experimental design is elaborated based on which the experiments were conducted. The different type of polymer media preparation and characterization is also described. The rigorous experiments were conducted on different hybrid AFM machining parameters and the data collected in terms of material removal and surface roughness were analysed in extensive manner.

4.1 Design and Analysis of Experimental Work
In experimental design i.e. Design of experiments (DOE), the control of experimental work is there and experiments are performed in planned manner. This was invented in 1920 by Ronald and analysis of variance technique was applied to increase crop yield and the orthogonal array (OA) was used mostly by Taguchi.
4.1.1 Taguchi’s Method
The process variation by robust experimental work was studied in Taguchi method to fulfil the aim of high production. The Japanese scientist Taguchi developed the effect of parameters on mean and variance and decided the levels of parameters that allowed the data collection for minimum number of experiments to obtain best results.
4.1.2 Taguchi Method Philosophy
In any product, quality is an important criteria and parameter design play a vital role in deciding product quality levels and quality is increased by minimizing the deviations from set goal. The signal to noise ratio should be high and the cost of quality will be the measure of deviations.
4.1.3 Taguchi Method DOE
Firstly, process objective is defined i.e. maximum or minimum, the parameters affecting the process are defined. Those may be fixed or variable and their levels are decided so that orthogonal arrays are created for the same. Then the experiments are conducted for data collection and analysis of data is done for determining parameters effect on the output process response.


4.1.4 Strategy of DOE
The parameters are interactions are assigned to the suitable OA in the columns using triangular tables and linear graphs. The main effects of all the parameters are studied and analysed to arrive at the optimum condition and the contribution of every parameter is considered. The percentage contribution of each parameter is decided by analysis of variance (ANOVA). There are two methods adopted and suggested by Taguchi i.e. two routes one single run experiments, their average taken and main effects studied through ANOVA and raw data analysis. The other route is multiple runs using signal to noise (S/N) ratio principle.
4.1.5 Loss Function and S/N Ratio
The quality loss is defined by loss function by Taguchi. The Taylor series expansion was used to calculate loss function which is calculated as
Lo(z) = k(z-n)2
In case of mass production, Lo(z) = [k(z1-n)2 + k(z2-n)2 + .......... + k(zn-n)2]
where z1, z2,...,zn are characteristic values for 1,2,...n units respectively, n are number of units.
The above equation can be written as Lo = k. MSD,
where MSD is average of square of all deviations.
4.2 Design and Fabrication of Magnetic Field Assisted Electrochemo Abrasive Flow Finishing Setup
The set up comprises of a nylon fixture that supports three pole electromagnet arranged with their poles arranged at an angle of 120 with one another. The different elements of the designed set up are:
(a) Fixture: The fixture was designed and fabricated in such a way that it can hold the workpiece properly inside the bright bar and the poles of the electromagnet are arranged at the outer periphery of the bright bar cylindrical piece. The fixture is made in two parts upper and lower part. The material of fixture is nylon. The top view and side view of the fixture is as shown in figure 4.1(a), (b).


                      (a)                                                                    (b)
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Figure 4.1(a) Top view of lower fixture, (b) Side view of fixture
The 3D model of the fixture, i.e. solidworks model is as shown in figure 4.2 (a) while the dimensional details are shown in figure 4.2 (b).   
(a)                                                                    (b)
[image: I:\ \Sachin.JPG]      [image: C:\Users\BALAJICOMPUTERS\Desktop\sachin\Sachin1.JPG]
               Figure 4.2 (a) 3D model of fixture, (b) Dimensional details of the fixture
The different view of the fixture are as shown in figure 4.3.
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Figure 4.3 Different views of the fixture
(b) Poles: The poles of magnet are made of soft iron. More the thickness of the pole, more is the capability of retaining magnetic flux. The thickness of each pole is 18 mm (figure 4.4).
(c) Solenoid: The solenoid is made of copper wire (19 gauge). More is the gauge of wire, lesser is its diameter. The optimum wire gauge to produce maximum magnetic field is 19 gauge, if lesser than 19 gauge wire is used, the current will be high and it will cause heating and the efficiency of electromagnet will be used. The number of turns on each electromagnet is 2200. The three electromagnets are arranged in such a way that they point at the center of the fixture and the magnetic field is focused at the centre towards the workpiece. The developed electromagnet is shown in figure 4.4.
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Figure 4.4 electromagnet
(d) Workpiece holder: It is made of bright bar material that has high magnetic susceptibility and it has the property to retain the magnetic field, hence the losses are less. It is shown in figure 4.5.
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Figure 4.5 Bright bar cylindrical piece supporting workpiece
This material helps the magnetic field produced inside the electromagnet to properly get focussed on to the workpiece.
(e) AC Transformer: The AC transformer supply (shown in figure 4.6) is provided to give variable supply to the electromagnet so that variable magnetic flux density is obtained. The various output voltages at the transformer are set at 40, 65, 98, 130, 167, 200 V.
(a)                                          (b)                                      (c)
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Figure 4.6 (a) AC power supply transformer, (b) voltmeter, (c) Ammeter
(f) Electrode: In order to achieve electrochemical reaction, workpiece is made anode, while cathode is retained inside the workpiece. This electrode is made of aluminium, as shown in fig.4, it is permanently fixed i.e. welded on one side of the fixture in the axial direction, while it is screw-tightened on another side with the help of mild steel thin stripper plates.
(g) AC to DC transformer:  This transformer is used to supply DC current to electrolytic set up, the anode. i.e. workpiece is given positive connection while the electrode is connected to the negative terminal. The different output voltages provided on this transformer are 6V, 12V, 18V and 24V (figure 4.7).
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     Figure 4.7 AC to DC transformer supply
(h) Voltmeter (Amco SR-72 P.T.R.) =  0-300 V. it is connected in parallel to check the voltage.
(i) Ammeter (Priya 23 V.K.) = 0-20 A. it is connected in series for current measurement. The voltmeter and ammeter are shown in figure 4.7 (b), (c).
(j) The set up consists of three solenoid electromagnets as shown in figure 4.8. The starting ends of these three electromagnets are attached to each other and this node 1 is connected to a wire whose other 
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      Figure 4.8 Electrochemo magnetic fixture set up
4.2.1 Fixture Development and Fabrication Design
The fixture was designed and fabricated in such a way that it can hold the workpiece properly inside the bright bar and the poles of the electromagnet are arranged at the outer periphery of the bright bar cylindrical piece. The fixture is made in two parts- upper and lower part. The material of fixture is nylon. The proper selection of material for fixture manufacture is the first and foremost step in AFM process. A number of materials were tested and analyzed for its proper working, the materials were 6061 Aluminum, 7075 Aluminum, POM (AKA Polyoxymethylene, Accetal and Delrin), Turcite, Nylon, High density polyethylene, G10 (AKA Garolite) Machinist wax, Stainless steel, Teflon. The choosing of material for test and production processes fixtures is a vital process. 6061 Aluminum has best balance between cost, machinability and strength, easy to work and machining. POM, Acetal and delrin absorbs little moisture and chemically resistant to every material, hence not used. Turcite is a form of teflon, it has low coefficient friction it is preferable to use over teflon due to hugh rigidity properties. Out of these materials Nylon 66 was selected for manufacturing for workpiece fixture. It absorbs high amount of moisture. Nylon can easily be bonded, this property makes it worth as compared to other materials.

4.2.1.1 Design Explanation
The top view of the fixture clearly indicates the location of bright bar and the seat of workpiece inside the hollow slot given in the nylon fixture, three additional holes provided at the periphery of the fixture are provided to attach more than one fixture to each other using screws, so as to provide proper rigidity to the clamped fixtures and job. In the side view of fixture, two fixtures are clearly shown attached to each other, the upper fixture thickness is lesser as compared to lower fixture. In the lower fixture, three 18 mm through holes are drilled at the periphery at 120o to each other. The upper fixture is made to fix into the media cylinder of AFM setup, for this purpose, 7 mm height surface of diameter 70 mm is provided so as to tightly clamp inside it. The abrasive laden polymer media is given extrusion force by the reciprocating piston cylinder arrangement of AFM setup, that ultimately pushes the media through the inner walls of workpiece. The media first enters the upper fixture, for that a tapered hole of 29o is provided upto the depth of 15 mm so that a jerk is not experienced by the workpiece and hence efficient finishing process is obtained.  The 3D model of the fixture, i.e. SolidWorks model is as shown in fig.2 (b). The model of fixture was prepared on the SolidWorks software before starting the manufacturing of fixture in workshop. The different machines used were lathe, milling, drilling, power hackshaw, CNC, etc. The different operations utilized were slotting, knurling, cutting, turning, facing, centering the drilling, reaming, boring, finishing, etc. The different tools used were single and multi-point cutting tool, boring tool, different sized drill-bits, hackshaw blade, milling cutters, various holding devices and accessories, collets, etc. Since before manufacturing, proper design of fixture is required after complete testing, hit and trial methods, hence accurate design software selection was essential. All the design work was done on SolidWorks software, it took lesser time and gave accurate and better results and was comfortable to use. Initially the central axis was selected and then all dimensions were applied and rotation command was implemented so as to obtain the design of circular fixture required.
4.2.1.2 Fixture Modelling
The Ansys software was utilized for simulation so as to solve the problem of compliance of clamping workpiece under dynamic forces acting during the extrusion forces in abrasive flow machining. The aim of developing model was solved in order to optimize results. Load capacity of fixture was tested during experimental test run on the AFM setup. In addition, industrial application like fixture reliability was checked. The geometrical design of nylon fixture was taken and subjected to impact forces and deformation during testing, shown in figure 4.9. Operations included meshing and deformation using methods like Finite Element Analysis.  For creating magnetic pull at the inner surface of the workpiece permanent magnets of cylindrical shape hacing dimensions of 10x10 are used. 

(a)                                                        (b)                                                           (c)
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Figure.4.9(a) Object free meshed in Ansys, (b) Fixture, (c) nylon fixture

Drill bit attachment for centrifugal force. For creating centrifugal force inside the workpiece a drill bit of dia.4mm is used and is modified to erect it accurately inside the workpiece. The electrochemical based magnetic field assisted abrasive flow machining set up consists of three fixtures, made of nylon material. Dimensional analysis of the working AFM set up: the distance travelled by magnetic force lines = workpiece thickness, A = 1 mm, the angle between the three solenoid electromagnets = 120o. The pole material is made of soft silicon iron, having better magnetic properties. It is cylindrical in shape.
4.2.2 Fixture and Electromagnet Design and Development
The electromagnetic and magnetic assisted AFM process utilizes fixture to hold workpiece that results in improved material removal, which are shown in figure 4.10 to 4.12.
[image: C:\Users\JAGDAMBE\Desktop\New folder\1.1.jpg]
Figure 4.10. Developed electrochemical and magnetic assisted AFM fixture
[image: C:\Users\JAGDAMBE\Desktop\New folder\1.2.jpg]
Figure 4.11. Top view of the fixture
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Figure 4.12. Developed electromagnetic solenoid design
4.3 Hybrid AFM Experimental Setup
The set up comprises of a nylon fixture that supports three pole electromagnet arranged with their poles arranged at an angle of 120 with one another. 
[image: C:\Users\Satvir singh\Desktop\99.png]
Figure 4.13 Sketch of fixture incorporating electromagnet and ECM tool

In figure 4.13 hybrid fixture sketch is shown and the hybrid AFM setup as shown in figure 4.14 comprises of a pair of extrusion machine piston cylinder arrangement and a pair of media cylinders in which prepared abrasive laden polymer is filled and fixture alongwith electromagnetic coils in between is shown. The transformer for electricity supply to the magnetic system is also arranged in the machine setup. The ammeter and voltmeter for current and voltage output readings respectively are connected. The ammeter is connected in series while voltmeter is connected in parallel in circuit diagram. 
Similarly, the ending points of all the three electromagnets are connected to each other to form node 2, this node is connected to a wire whose other end can be connected to any of the six output voltage terminals viz. 45-200V so as to receive different magnitude of magnetic flux on the electromagnets. Further, node 1 and the output port of the transformer are connected to the mains AC 220V supply. The full system including ECM working and effect of magnetic current in the fixture holding workpiece i.e. brass, Al, C.I., M.S., etc. is shown in figure 4.14. The electromagnetic solenoid is shown clearly on the left part of the drawing, these are three in number, circumferentially placed at equal angles to one another with their unwrapped part inside the nylon fixture and the copper wire portion outside. The bright bar which is paramagnetic in nature is fixed around the workpiece. The thickness of pole of solenoid is 18 mm, the copper turns are upto the thickness 58 mm from the axis, situated at a distance of 60 mm from the top surface of fixture and the tapered portion of the fixture is upto the depth of 35 mm from the surface that fixes into the media cylinder. 
4.3.1 Working of the Hybrid Setup
During working the following parameters were kept variable: Workpiece: Brass, Abrasive: SiC, Grain mesh size: 300#, Extrusion pressure: 45 bar, Volume of media used: 192.3 . The constant parameters are chosen such that their values does not change and have not any significant effect, here workpiece, quantity of media, piston force, abrasive and its size are selected. The other factors that were kept variable are cycles, flux density, shape and size of rod, voltage and media. To analyze effect of these parameters it is important to select which type of table must be chosen in Minitab Taguchi software to get the best possible optimized output results in terms of material removal rate and surface integrity. A number of orthogonal array were studied for different number of parameter taken and their number of levels. The brass rod is taken firstly and then this rod is taken to Anand Parbat market, Delhi where industrial area lies and big machinery is installed. The rod is somehow clamped between supports on lathe machine and through boring is done and simultaneously cut into piece of size 16 mm. Since the internal surface of the prepared piece is not so smooth and requires post finishing process, hence the non-traditional machining process i.e. abrasive flow finishing (AFF) process is done on the prepared machine setup in Precision engineering laboratory, that will produce highly finished surface as compared to traditional machining process applied earlier that included drilling, boring and reaming. The large number of workpieces of brass material were obtained, out of this lot, selection of nearly equal surface roughness value pieces are selected for AFM experimentation. In the present experimental work, 18 workpieces are selected on which hybrid AFM has to be performed, their initial surface roughness value tested on roughness tester machine was found to be in the range 1.65 µm to 1.99 µm, the initial weight measured were in the range 3.7684 gm to 3.949 gm. After performing machining, the roughness values obtained were in the range 0.90 µm to 1.92 µm, while the final reduce weight obtained was in the range 3.6921 gm to 3.7491 gm. 
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Stripper plate acting as cathode for ECM assisted AFM
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Figure 4.14 Hybrid EMR-AFM set up
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   Figure 4.15 (a) Electromagnetic solenoid used in machine setup       (b) Media characterization 									           (a) FTIR, (b) SEM and TEM image
The dimensions of electromagnetic solenoid is explained in detail in figure 4.15 (a) and particulars of media used is as depicted in figure 4.15 (b). the machine in-built parameters that are fixed are given in table 4.1.
                                        Table 4.1 Machine parameters and units
	Machine process parameter
	Unit
	value

	Extrusion cycles 
	No’s
	1-9 

	Temperature 
	oC
	30-35 

	Pressure 
	kg/cm2
	200 

	Machine capacity 
	tonnage
	25 

	Hydraulic cylinder bore
	mm
	125 

	Maximum pressure 
	MPa
	40 

	Media volume 
	cc
	300 

	Extrusion cycles 
	No’s
	1-9 





4.3.2 Principle Operation and Characteristics of the Magnetic Setup
During the working operation, the magnetic lines of forces act towards the workpiece whose internal wall surface has to be machined. In order to provide more focusing magnetic force towards the centre, the workpiece is placed inside the hollow cylindrical piece made of paramagnetic material, usually known as bright bar. The main aim of our model is to achieve high material removal and better morphological characteristics, which requires the development of electro-magnetic model. As the current supply to the developed solenoid arrangement is varied, the magnetic force gets changed. Taking all the parameters in electrochemical and magnetic force assisted AFM into account, the following assumptions are taken while writing mathematical equations. The magnetic field domain inside the workpiece is symmetrical about the axis. Both cathode (cylindrical rod) and anode (workpiece) are conducting in nature. The supply of current in the solenoid coils is assumed to be constant. The magnetic abrasive particles are considered spherical- shaped. According to British standard wire gauge: 19 gauge = 0.040 inch = 1.016 mm diameter. Resistance of 19 gauge wire = 0.0264 ohm/m, at 20 ‘C. Copper density = 8.96 g/cm3 or 0.324 lb/in3.
4.3.2.1 Fixture and Electromagnet Design and Development
The electromagnetic and magnetic assisted AFM utilizes fixture to hold workpiece that results in improved material removal. The nylon fixture has been manufactured on lathe machine, shaper machine, milling, drilling machine. The size, shape and specification of the fixture is decided on the basis of requirement for setting up the job and the abrasive flow finishing requirement. The developed electro chemical and magnetic assisted AFM fixture different views have been shown in figure 4.13. The upper fixture when seen from the front side has length 90 mm, height 18 mm. This fixture when seen from top has outer diameter 90 mm whereas inner diameter 35 mm. The middle fixture has length 90 mm and height 58 mm, the hole of diameter 18 mm has been bored at height 8 mm from bottom surface of the fixture. Inside the fixture, ECM road of varying diameter i.e. 4, 5, 6 mm inside the hollow bright bar of 35 mm diameter. The brass workpiece of outer diameter 10 mm and inner diameter 8 mm is fixed in the bright bar seat. On the top of the first fixture a metal strip of thickness 3 mm, length 50 mm and width 16 mm is fixed with the help of two bolted joints.


4.3.2.2 Development and Fabrication of Electromagnetic Solenoid
The developed electromagnetic solenoid design is shown in figure 4.16 It consists of ferromagnetic iron bar of diameter 18 mm and length 128 mm, having enameled copper wire of 19 gauge specification  wound around the bar upto length 100 mm and white tape is surrounded so that copper wire does not come in connect with any external material for safety purpose. The copper wire wound with the help of machine. A lot of problems were encountered while preparing solenoids. The electromagnet was prepared on different machines and the number of copper turns played a major role in magnetic field generation. It includes following steps. The fixing of wooden frame over the soft iron core. 
(a)                                                                     (b)
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Figure 4.16 (a) magnetic fixture setup installed on AFM machine, (b) AC-DC transformer
4.3.2.3 Magnetic and Electrical Calculation of Electromagnetic Solenoid and Experimental Setup
Three ceramic capacitors of 104 pico farad, Capacitors of 470µF, 16V. Step-down transformer 12012, denoting 12V, 0,12V, 5408- 4 diodes used to build bridge rectifier, having filter capacitor (2200µF, 50V). Voltage regulator 7812 I.C. having 3 pins, 1st pin is input 24V, 2nd pin is ground, 3rd pin is output 12V Capacitors of 470µF, 25V, 555 I.C. (It needs 12V, othervise it will burn). Voltage/ Magnetic field sensor, Capacitor of 1000µF, 25V, Voltage regulator 7805, 05 denotes 5V output. 
4.3.2.4 Initial Readings on the Machine and Calculation of Number of Turns
The 27 gauge copper wire turns are greater than that of 25 gauge in the prepared electromagnetic setup, higher the gauge number lesser is the thickness of wire and lesser will be the current carrying capacity and less will be the magnetic flux density. The copper wire is uniformly wound over the iron bar over a pre-decided length and number of turns is approximated because it is a vital factor in increasing the magnitude of magnetic field. 27 gauge copper wire electromagnet: No. of turns= 6720, 25 gauge copper wire electromagnet: No. of turns= 5800. Length of pole over which copper winding is done = 8 cm. Average number of turns on one layer= 128, total number of layers= 26. 1st layer: 8 turns made with the 1 foot(30 cm) length of copper wire, i.e. 0.2667 turns per cm, 2nd layer: 8 turns/ foot, i.e. 0.2667 turns per cm and so  on. Total no. of turns= no. of layers × no. of turns = 26 × 128 = 3328 turns. Total length of copper wire= 305.75 m. Voltage and Current Readings: The electromagnet showed 200V at 250 mA and 260V at 500mA, Copper wire resistivity= 1.7 micro-ohm cm.
            (a) 			                         (b)
[image: C:\Users\Satvir singh\Desktop\qqq.png][image: C:\Users\Satvir singh\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG_20180702_184019.jpg]
Figure 4.17 (a) Machine showing the number of turns, (b) electromagnet attachment
The circular views of fixture are explained and dimensioned. The ECM rod of variable diameter 4, 5, 6 mm is at the center, which is enclosed by bright bar of diameter 35 mm in which rod is centrally fixed. In another view, a 50 mm strip of width 20 mm having 5 mm holes on both sides in longitudinal direction. As shown in figure 4.17, the electromagnetic solenoid is fabricated inside a wooden frame. The size of iron bar is 128 mm long and 18 mm diameter. The portion of iron bar that was inside the fixture is of length 28 mm, this portion comes in direct contact with bright bar that holds the workpiece. The copper wire which is wound around the bar has 3300 number of turns that extends upto diameter 70 mm, the white plaster tape is finally wrapped around the copper wire. 
4.3.3 Validation of the Concept of Electrochemistry Application in the Removal of Material
In the traditional methods, the electrolysis or electro-chemical action was utilized for electroplating purposes such as Zn plating or galvanizing process. According to this process, faraday introduced the concept of electrolysis that utilizes the flow of current and maintaining the closed circuit among anode, cathode and the electrolyte solution. In this method, the ions exchange occurs which causes the removal of material from one material and addition of the same on the other electrode. For this system, DC power source is required as shown in figure 4.18 (a). Present setup utilizes the above principle in reverse manner. The electrode set up has been fabricated in-house and separate power source i.e. transformer supply voltage 6V, 12V, 18V. 
(a)                                             (b)                                      (c)
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Figure 4.18 (a) AC-DC rectifier, (b) ECM rod, (c) drill bit ECM rod
The alternating current that reverses direction periodically is converted into direct current flowing in only one direction using rectifier device. In motor generated set the AC motor shaft is coupled to DC generator. The multi phase alternating current is produced in armature windings, commutator on the armature converts it into direct output current. A transformer contains two magnetically coupled windings, the primary winding is driven by input AC supply, while the secondary winding give supply to AC-DC converter. 

4.3.3.1 Electrolytic Assisted AFM Principle
In this process, the flow of polymer media mixed with electrolyte, inside the gap between cathode rod and the internal wall of hollow cylindrical job gets interacted with the electrochemical action between anode and cathode. The workpiece is made anode i.e. connected to positive terminal of DC supply, while the rod inside the workpiece is connected to negative terminal. 
4.3.3.2 Decision of Cathode and Anode Selection
Since 65% heat is generated at cathode and 35% at cathode in DC power source, therefore the workpiece is selected as anode as more heat will be generated and the requirement of material removal from the workpiece is achieved. Since less heat is generated at cathode, hence the rod is connected to the negative terminal.  Cathode material: bright bar, mild steel. Anode material: brass, cast iron, aluminium, mild steel, Al-composite.
4.3.3.3 Selection of Electrolyte
The normal kitchen salt is taken as electrolyte in the molal concentration ratio 1:1. The electrolyte is taken in such a way that the material is removed only from the workpiece surface, and no material removal takes place from cathode rod. The electrolyte is non-toxic, ecofriendly and has good compatibility with the work and cathode materials. 
4.3.4 Rotational AFM Setup
The working setup of rotational AFM system is clearly indicated in figure 4.19 and explained in details in further section. The two nylon fixtures are attached above and below the motor with the help of rotating bearings and through bore was done in the motor and nylon fixture in the form of hollow pipe is fixed inside it. This long hollow pipe is split into two parts so as to provide seat to the workpiece and this pipe rotates when the motor is started. The separate speed and frequency controller is installed in which the variable button is provided which can change the speed of rotation of motor and hence we can obtain another variable factor in the form of speed in RPM. These different factors are controllable and we use them in optimization software.   
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Figure 4.19 Working set-up, AC (220V) to DC (24V) transformer with 4 diodes: 3 for 3 electromagnet poles and 1 for electrolytic circuit
4.3.4.1 Fabrication of Rotational AFM and its Effect on the Efficiency of the Process
The motor is placed on the AFM machine setup to provide rotational effect on the machining process, on both sides of the motor the newly developed and fabricated fixtures are attached.
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Figure 4.20 Electrolytic fixture showing spring-loaded rotating contact for anode
The electrolytic fixture is used to obtain electrochemical machining in which the workpiece is connected to positive terminal while the tool i.e. ECM rod is connected to negative terminal, i.e. work is anode and tool is cathode.
                                                   (a)                                            (b)
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Figure 4.21 (a) Rotatioanal frequency meter, (b) Rotational AFM setup with fixture
Since we have employed rotational setup that will disturb the bright bar arrangement i.e. it is in continuous motion hence continuous contact should be maintained. For this spring-loaded attachment was prepared and through the spring, a conducting wire is passed and this is made to contact with bright bar with the help of C-shaped strip for proper connection as shown in figure 4.20. In figure 4.21 both rotational fixture and frequency meter installed is depicted.
4.4 Development of Polymer Media
The media available for commercial use is not cheap enough for experimentation, hence to achieve cost effective process, we need lower cost AFM media. This is prepared by mixing base polymer, plasticizer to make viscoelastic carrier 
4.4.1 Preparation of Polymers
The preparation of all the polymers was done at “Two roll mill machine” facility in Shriram institute of industrial research, New Delhi. For preparing the flexible polymers mass, a fixed quantity of polymer is taken first and an appropriate quantity of plasticizer is added into it. This plasticizer is not added just all in once, rather it is added slowly and it is only added during the crushing and rolling of solid polymer in two roll mill machines. In order to prepare natural rubber polymer, 100 gm natural rubber is weighted. This natural rubber is available in the form of sheet. 
4.4.2 Preparation of Media
Take 300 gram of polymer and 80 gram of gel and then it is mixed by hand properly. Then add 400 gram of Silicon Carbide and it is properly mixed with it. Thus the media is prepared. Other media i,e Natural Rubber, SBR Rubber, Nitrile Rubber and Natural Rubber are also prepared in similar manner, as shown in figure 4.22, 4.23. 4.24 respectively.
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Figure 4.22 Natural Rubber based media
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Figure 4.23 Styrene Butadiene Rubber based media
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Figure 4.24 Nitrile rubber based media



4.4.3 Properties of Polymer Media
The media should have desirable properties i.e. it should not be sticky in nature and should not damage workpiece surface during high flow velocity and there should not be drasticchange in weight and roughness values. The media should be bouncy and should become spherical ball shape, further should have high temperature withstanding capacity during processing. The different types of media used have been explained in table 4.2.
Table 4.2 Different types of media used and their properties
	NR
	SBR
	SR
	Plasticizers

	Natural rubber or India rubber has viscoelastic property has isoprene plus organic impurities of water, isoprene i.e. diene 1,4 due to which is unsaturated. It vulcanizes with sulphur and has high tensile strength and used in heavy duty tyres, footwears, foam, etc.

	Styrene Butadiene Rubber (SBR) is of two types i.e. emulsion based and solution based, ESBR and SSBR that depends upon the manufacturing process employed. It is used in making tyres as its is cost effective.

	Silicone rubber (SR) is non reactive to difficult conditions, and can resist temperature upto 500 oC. During its preparation it passes through two stage manufacturing process to obtain shape and then cured and injection moulding is done. Hence due to its ease of getting shaped, it is used in food storage and automobile industries.
	Plasticizers are added to polymer and they form polar attractive forces and chains. Its misxing is done in the ratio 10:27 and the plasticizers used are Dio iso Octyl Pthalate (DOP) and Dio iso Octyl Adiabate (DOA)







4.4.4 In-house Preparation of CNT Particles and their Role in Material Removal Process
The characterization of CNTs that are iron filled is done through transmission electron microscope (TEM) is done after thorough study and synthesis and a new media is developed made of mixture of alumina, CNT and base carrier. Then chemical vapor deposition (CVD) is used to synthesize ferromagnetic particles and various characteristics are studied.
(a)                                             (b)                                               (c)
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[bookmark: _Toc394412276]Figure 4.25 (a) Abrasive laden Media (carrier+Al2O3+CNT), (b) preparation procedure, (c) fixture containing media
The newly developed abrasive media , hydrocarbon gel, aluminium oxide grain, polymer are mixed in specific quantity, the ratio of polymer to abrasive varied between 1 to 1.15. Then CNT particles in the form of additives in the weight ranging from 1 to 8 gram is added, particle having viscosity 800 Pas. In CVD process of ferromagnetic particles, ferrocene and toluene are mixed in an oven in the ratio 1:5 at temperature 900oC in the presence of argon gas. The media performance evaluation was done in precision Engineering Laboratory on abrasive flow machining setup. The three media were developed for experimentation, first media contained abrasive, polymer and gel, while in second and third media, 3 and 6 grams of CNTs were added as shown in figure 4.25. The SEM images shows that after addition of CNTs the sharp alumina edges of abrasive grain are clearly visible. These sharp edges are nothing bu cutting edges responsible for material removal from workpiece during machining process. When we do machining of cast iron workpiece then CNTs addition in media shows positive results in terms of material removal since CNT particles are more hard than alumina particles. When 3 gram CNT particles are added, roughness improvement is fair but further addition of CNT particle upto 6 gram drastically improve surface roughness of workpiece.
[bookmark: _Toc394412666]4.4.4.1 Carbon Nano Tubes (CNTs) Synthesis 
Carbon nanotubes (CNTs) are carbon allotropes of cylindrical shape and Chemical Vapour Deposition technique is used to synthesze Fe-filled CNT shown in figure 4.26 (a) by heating the solution of  Ferrocene (5gm) and Toluene (25ml) in the oven, maintaining the oven temperature around 800oC and argon gas (100 sccm) is passed to get inert atmosphere, then  800oC temperature is maintained to completly vaporise the solution of  Fererocene and Toluene, as shown in the setup figure 4.26 (b). As solution vaporise completley the oven temperature is lowered by 25oC 
(a)                                                                 (b)
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[bookmark: _Toc394412284]Figure 4.26 (a) Optimised condition to synthesize Fe-filled CNTs, (b) Thermal CVD Setup
As oven reached 775oC - 875oC carbon start dissociating and carbon layers get stick on quartz tube with sp2 bond. Then cooling is done slowly which takes aproximately 3hrs. After this the developed CNT layers is brushed and collected.The collected sample is tested for its magnetic nature by bar magnet, N & S  north and south pole respectively showing the deposited film having pole characterisitic means the botoom layer of film having N Pole while top layer of deposited film having S Pole. The methods used for synthesis is depicted in figure 4.27 and the CVD method is shown in figure 4.28.
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[bookmark: _Toc394412282]Figure 4.27 Currently used methods for CNTs synthesis 
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[bookmark: _Toc394412283]Figure 4.28 Schematic showing CVD method to develop CNT
4.5 Experimental Investigation
4.5.1 Workpiece Preparation
Brass workpiece have been used in this research work for calculating the final output results. The workpiece taken is of outside diameter of 10 mm and length of 16 mm. The problems while preparation of workpieces and the strategy applied are shown in figure 4.29.


(a)                                                             (b)
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          Figure 4.29 (a) Preparation of job on lathe, (b) Drilling operation on lathe machine
Workpiece is prepared by first of all drilling of 7 mm drill bit and after that 1mm diameter is removed by the boring operation so that there will be clear boring tool mark, which is our aim to remove by finishing operation. The workpiece has internal diameter of 8 mm. The workpiece taken is of outside diameter of 10 mm and length of 16 mm. Workpiece is prepared by first of all drilling of 7 mm drill bit and after that 1mm diameter is removed by the boring operation so that there will be clear boring tool mark, which is our aim to remove by finishing operation. The workpiece has internal diameter of 8 mm. the machine used for preparing workpiece is as shown in figure 4.30.
(a)                                                         (b)                                         (c)
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Figure 4.30 (a) machine used for preparation, (b) Drilled brass pipes, (c) Filing of Drilled brass workpieces
In this context, filing was done on the two circumferences of the tube-shaped pieces shown in figure 4.30 (c). Filing was carried out in all the hundred pieces just before weighing process. This was done in order to ensure removal of unwanted projections and deburring. As the pieces were cut from a single long tube using a hacksaw, surface irregularities tend to be present, which would have contributed to the weight. In order to get the accurate quantitative results, filing was carried out to smoothen the surfaces and chip off the irregularities. The measurement of weight and roughness of surface of workpiece was undertaken after suitable workpiece acquisition and preparation, which was followed by sampling to get fair 9 workpieces and were machined on AFM setup.
4.5.2 Measurements 
Measurement in this project involved assigning quantitative values to the parameters of weight and surface roughness of all the 27 pieces chosen as explained earlier. The measurements will be later used for the sampling process. The device is shown in figure 4.31 (a).
4.5.2.1 Weight
Weight of each of the 27 pieces was measured using a digital weighing balance. Least Count of balance = 0.0001 gram. The initial readings are shown in table 4.3.
Table 4.3 Initial reading of the prepared workpiece
	Piece
	Weight 
	Piece
	Weight 
	Piece
	Weight 
	Piece
	Weight 

	1
	1.027
	8
	1.054
	15
	1.129
	22
	1.115

	2
	1.136
	9
	1.082
	16
	1.033
	23
	1.092

	3
	1.062
	10
	1.041
	17
	1.059
	24
	1.134

	4
	1.114
	11
	1.006
	18
	1.114
	25
	1.083

	5
	1.187
	12
	1.143
	19
	1.088
	26
	1.257

	6
	1.179
	13
	1.102
	20
	1.146
	27
	1.045

	7
	1.078
	14
	1.070
	21
	1.247



4.5.2.2 Surface Roughness
The device used was Taylor Hobson Surface Roughness Tester as shown in figure 4.31(b). The surface roughness of each piece of the 27 pieces was measured three times and then averages to rule out fluctuations and errors in measurements. The roughness values are listed in table 4.4.



                                                       (a)                                             (b)
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Figure 4.31 (a) Weight measurement device, (b) roughness tester

Table 4.4 Surface roughness values
	Piece 
	Ra-1 
	Ra-2 
	Mean
	Piece 
	Ra-1 
	Ra-2 
	Mean
	Piece 
	Ra-1 
	Ra-2 
	Mean

	1
	2.82
	3.10
	3.16
	10
	2.14
	2.33
	2.44
	19
	1.22
	1.22
	1.32

	2
	2.79
	2.55
	2.82
	11
	0.62
	0.70
	0.78
	20
	1.44
	1.32
	1.54

	3
	1.11
	1.34
	1.23
	12
	2.25
	2.34
	2.33
	21
	1.47
	1.22
	1.45

	4
	1.09
	0.67
	0.88
	13
	1.40
	1.67
	1.66
	22
	1.38
	1.55
	1.56

	5
	1.45
	1.39
	1.43
	14
	1.11
	0.89
	1.29
	23
	1.50
	1.66
	1.57

	6
	0.55
	0.85
	0.81
	15
	1.09
	1.23
	1.23
	24
	1.67
	1.56
	1.59

	7
	1.11
	1.40
	1.33
	16
	1.27
	1.09
	1.23
	25
	1.66
	1.65
	1.66

	8
	1.44
	1.58
	1.48
	17
	1.67
	1.44
	1.77
	26
	1.67
	1.54
	1.74

	9
	1.62
	1.31
	1.49
	18
	1.90
	1.67
	1.86
	27
	1.45
	1.55
	1.64



4.5.3 Sampling
Sampling is done to select a subset from the entire lot. 9 pieces hovering around the mean with minimum deviation from the mean were selected. Surface Roughness = 1.50 µm. the sampled pieces readings are shown in table 4.5.
Table 4.5 Weight and roughness readings
	Piece No.
	Ra (µm)
	Weight (gm)
	Piece No.
	Ra (µm)
	Weight (gm)
	Piece No.
	Ra (µm)
	Weight (gm)

	3
	1.23
	1.062
	9
	1.49
	1.082
	13
	1.66
	1.102

	4
	0.88
	1.114
	11
	0.78
	1.006
	15
	1.23
	1.129

	6
	0.81
	1.179
	12
	2.33
	1.143
	16
	1.23
	1.033



4.5.4 Observations
The observations for each workpiece with respect to the parameters are listed. The workpiece material removal and surface roughness are calculated by using weighing machine and Taylor Hobson tester respectively. The workpiece number given in the table 4.6 shows the serial number of workpiece taken for experimentation purpose.
Table 4.6 Parameters and output MR results
	Exp. No.
	Workpiece No.
	Parameter Trial Conditions
	Final Surface Roughness
(um)
	Final Weight
(grams)
	Material Removal
(mg)

	
	
	Pressure
 (bar)
	Extrusion  cycles
	Media to grit ratio
	
	
	

	1
	3
	10
	2
	1.15:1
	0.64
	1.067
	2.6

	2
	4
	10
	4
	1:1
	1.08
	1.077
	2.8

	3
	6
	10
	6
	1:1.15
	1.11
	1.054
	2.6

	4
	13
	20
	2
	1:1
	0.74
	1.034
	2.5

	5
	9
	20
	4
	1:1.15
	1.22
	1.144
	2.9

	6
	11
	20
	6
	1.15:1
	0.67
	1.134
	2.6

	7
	12
	30
	2
	1:1.15
	0.45
	1.187
	2.7

	8
	15
	30
	4
	1.15:1
	0.02
	1.003
	2.8

	9
	16
	30
	6
	1:1
	0.23
	1.104
	2.8



4.5.5 Acquisition
The workpiece of specific size and specifications were to be acquired and prepared before experimental work and here aluminium workpiece material was selected for experimentation.
4.5.5.1 Justification for Selection of Material (Aluminium)
The work material details ae shown in table 4.7.
Table 4.7 Workpiece material specifications
	S.No.
	Workpiece material
	details

	1
	Light weight
	Specific weight 2.7 g/cc, its use reduces dead weight in vehicles

	2
	Corrosion resistance
	Used in surface treatments like anodising, painting, etc

	3
	Electrical and thermal conductivity
	Excellent, twice as good as copper with respect to its weight

	4
	Reflectivity
	Good, used in rescue blankets

	5
	Ductility
	Easily formed into close to product design

	6
	Impermeable and odourless
	Can be rolled upto 0.007 mm thickness

	7
	Recyclability
	100%, its remelting requires 5% of energy required to produce primary product



4.5.5.2 Justification of Selection of Shape of Workpiece
In AFM process, the media is extruded through the internal surface of workpiece under high pressure and the abrasion of material from surface depends on abrasive particle velocity. The cross section needs to be uniform throughout to obtain uniform machining. Hence the shape of workpiece needs to be hollow cylindrical piece, diameters taken as 10 and 8 mm outer and inner respectively shown in figure 4.32. Further the circular shape doesn’t offer much constriction of media challenge, hence the flow is smooth.
 (
Internal obstructions are present
) (
Velocity and flow is uniform
)[image: ]
Figure 4.32 shows pipe flow profile


4.5.5.3 Pipe Purchase

The Aluminium pipes were Acquired from Chawri Bazaar, New Delhi from Shop No. 1, Ragunath Market. The age of the Aluminium pipes in the shop was around 4 weeks with very mild corrosion on the outer surface. Total length of pipe acquired was 9.5 feet cut into three smaller pieces. This signal may be displayed on both graph and screen outputs, together with numerical values that characterize the surface texture shown in figure 4.33.


[image: ]
Figure 4.33 shows roughness testing method

The surface roughness of each piece of the 27 pieces was measured three times and then averages to rule out fluctuations and errors in measurements.
4.5.6 Procedure
a) The first three workpieces are machined at low pressure. Firstly, we fill the media into one of the cylinders of the two way AFM.
b) Placing the workpiece between the two-piece fixture, we fix both the fixtures on the upper and lower jig such that they fit into the groove of the jig.
c) We then fix this jig onto the AFM setup such that the cylinders are in line with the pistons with the help of the nut and bolt provision given.
d) Subsequently, we set the pressure manually by using the handle for both the upper and lower side.
e) After the pressure has been set, we manually operate the pistons with the help of the operating levers in accordance with the number of cycles required.
f) After the machining is done, we unclamp and dismantle the fixture. We then remove the workpiece, clean it with cloth and give it an acetone bath and the surface roughness and weight is measured. The difference in weight gives us the material removal.
g) For the rest of the six pieces, we repeat steps a) to f). The pressure and no of cycles are changed
h) Clean setup after experimentation. Tabulate and analyse observations to get results.
4.5.7 Experimental design
In the advanced machining processes, various optimization techniques are applied, in order to get the optimized output response. In the present investigation, obtaining the higher material removal and lower surface roughness is the primary target of the designed hybrid electrochemical and magnetic force assisted abrasive flow machining set up. The controllable variable input parameters taken are electrochemical voltage, magnetic flux, shape and size of the electrochemical rod and the polymer media used. The workpiece, abrasive mesh size, number of cycles, extrusion pressure are kept constant.  Mixed-element Orthogonal Array OA L-18 (2'x3') method contains saturated OA, replacement of column and different matrices.
4.5.7.1 Plan of Experimentation
Taguchi L 18 orthogonal array was adopted for the experimentation to optimize the results. Six parameters were controlled in order to optimize results. The six parameters and their three levels are listed in the table 4.8. The parameters that were kept constant are:
1. Workpiece: Brass
2. Abrasive: SiC
3. Grain mesh size: 300#
4. Extrusion pressure: 45 bar
5. Volume of media used: 192.3 
The constant parameters are chosen such that their values does not change and have not any significant effect, here workpiece, quantity of media, piston force, abrasive and its size are selected. The other factors that were kept variable are cycles, flux density, shape and size of rod, voltage and media. To analyze effect of these parameters it is important to select which type of table must be chosen in Minitab Taguchi software to get the best possible optimized output results. A number of orthogonal array were studied for different number of parameter taken and their number of levels. For getting best result in case of the variable parameters taken, we reached to the conclusion that L-18 orthogonal array must be applied. 
Table 4.8 Parameters with their levels used
	Parameters
	Level 1
	Level 2
	Level 3

	1. ECM rod shape 
	Drill bit
	square
	_

	2. Size of ECM rod (mm)
	4
	5
	6

	3. ECM voltage (volts)
	6
	12
	18

	4. Magnetic field (in terms of volts)
	50
	125
	200

	5. Type of polymer media
	Natural
	SBR
	Nitrile 

	6. No. of cycles
	3
	6
	9



In Taguchi L 18 OA, the number of experiments to be performed was 18 and first 9 experiments were conducted using drill bit shaped ECM rod placed concentrically inside the hollow workpiece and the size was kept 4, 5, 6 mm in 3 runs respectively. The electrolytic voltage was changed in the form of 6, 12, 18 V in each run respectively while magnetic voltage was kept at 50, 125, 200 V and media selected at each run was natural rubber (NR), styrene butadiene rubber (SBR) and nitrile rubber (NTR). The upper and lower piston cylinder arrangement were utilized to provide required extrusion pressure and their repetition cycles were 3, 6 and 9. Taguchi L18 OA is shown in table 4.9 and the output responses are listed in table 4.10.
Table 4.9 Taguchi L 18 OA
	Experiment number
	ECM rod shape
	Size of ECM rod (mm)
	ECM voltage (volts)
	Magnetic field (in terms of volts)
	Type of polymer media
	No. of cycles

	1.
	Drill bit
	4
	6
	50
	Natural
	3

	2.
	Drill bit
	4
	12
	125
	SBR
	6

	3.
	Drill bit
	4
	18
	200
	Nitrile
	9

	4.
	Drill bit
	5
	6
	50
	SBR
	9

	5.
	Drill bit
	5
	12
	125
	Nitrile
	3

	6.
	Drill bit
	5
	18
	200
	Natural
	6

	7.
	Drill bit
	6
	6
	125
	Natural
	9

	8.
	Drill bit
	6
	12
	200
	SBR
	3

	9.
	Drill bit
	6
	18
	50
	Nitrile
	6

	10.
	Square
	4
	6
	200
	Nitrile
	3

	11.
	Square
	4
	12
	50
	Natural
	6

	12.
	Square
	4
	18
	125
	SBR
	9

	13.
	Square
	5
	6
	125
	Nitrile
	6

	14.
	Square
	5
	12
	200
	Natural
	9

	15.
	Square
	5
	18
	50
	SBR
	3

	16.
	Square
	6
	6
	200
	SBR
	6

	17.
	Square
	6
	12
	50
	Nitrile
	9

	18.
	Square
	6
	18
	125
	Natural
	3



Table 4.10 Response characteristics i.e. material removal and % change in surface roughness
	Experiment number
	Run order
	Initial weight (gm)
	Final weight (gm)
	Material removal (gm)
	Initial surface roughness(µm)
	Final surface roughness (µm)
	% change in surface roughness

	1.
	1.
	3.9490
	3.7491
	0.1999
	1.87
	1.16
	37.96

	2.
	2.
	3.9390
	3.7436
	0.1954
	1.78
	1.12
	37.07

	3.
	3.
	3.8995
	3.7226
	0.1769
	1.88
	0.90
	52.12

	4.
	4.
	3.8456
	3.7314
	0.1142
	1.80
	1.74
	3.33

	5.
	5.
	3.9995
	3.7288
	0.2707
	1.78
	1.64
	7.86

	6.
	6.
	3.8001
	3.7424
	0.0577
	1.84
	1.18
	35.86

	7.
	7.
	3.8746
	3.6921
	0.1825
	1.77
	1.18
	33.33

	8.
	8.
	3.7684
	3.7323
	0.0361
	1.65
	1.22
	26.06

	9.
	9.
	3.8845
	3.7350
	0.1495
	1.45
	1.10
	24.14

	10.
	10.
	3.8720
	3.7184
	0.1536
	1.80
	1.52
	15.55

	11.
	11.
	3.8841
	3.7333
	0.1508
	1.80
	1.72
	4.44

	12.
	12.
	3.8234
	3.7204
	0.1030
	1.99
	1.94
	2.51

	13.
	13.
	3.9290
	3.7154
	0.2136
	1.77
	1.56
	11.86

	14.
	14.
	3.9990
	3.7216
	0.2774
	1.99
	1.92
	3.51

	15.
	15.
	3.9347
	3.7280
	0.2067
	1.82
	1.48
	18.68

	16.
	16.
	3.8765
	3.7453
	0.1303
	1.75
	1.38
	21.14

	17.
	17.
	3.9008
	3.7330
	0.1678
	1.56
	1.52
	2.56

	18.
	     18.
	3.8848
	3.7350
	0.1498
	1.81
	1.12
	61.6



The brass rod is taken firstly and then this rod is taken to Anand Parbat market, Delhi where industrial area lies and big machinery is installed. The rod is somehow clamped between supports on lathe machine and through boring is done and simultaneously cut into piece of size 16 mm. Since the internal surface of the prepared piece is not so smooth and requires post finishing process, hence the non-traditional machining process i.e. abrasive flow finishing (AFF) process is done on the prepared machine setup in Precision engineering laboratory, that will produce highly finished surface as compared to traditional machining process applied earlier that included drilling, boring and reaming. The large number of workpieces of brass material were obtained, out of this lot, selection of nearly equal surface roughness value pieces are selected for AFM experimentation. In the present experimental work, 18 workpieces are selected on which hybrid AFM has to be performed, their initial surface roughness value tested on roughness tester machine was found to be in the range 1.65 µm to 1.99 µm, the initial weight measured were in the range 3.7684 gm to 3.949 gm. After performing machining, the roughness values obtained were in the range 0.90 µm to 1.92 µm, while the final reduce weight obtained was in the range 3.6921 gm to 3.7491 gm. As shown in table 4.10.
Summary
a) Design and analysis of experimental work based on Taguchi and ANOVA analysis is done and magnetic field assisted electrochemo abrasive flow machining setup was fabricated.
b) Further the experiments were performed to validate electrochemical and rotational motion effect on the workpiece during AFM process.
c) The parameters selection was done in such a way that individual effect of machine, magnetic field, electrolytic and rotational based parameters can be analysed on MR and Ra results.












CHAPTER 5: MODELLING OF EMR-AFM PROCESS
	This chapter deals with the modelling of the developed hybrid AFM setup in which all the external forces attachments are first mathematically modelled to recognise the effect of the process. Then based on the developed model the fabrication of fixture is accomplished and experimentation was performed. Further computational flow dynamics of media flow through fixture path was studied using Solidworks software. Different mathematical models were built to study media flow behaviour, strength of magnetic field used and electrochemical effect and the overall combined hybrid setup was modelled.
5.1 Mathematical and Computational Modelling of EMR-AFM Process
The modelling of the hybrid EMR-AFM process is done which includes voltage, cutting forces and magnetic flux calculations in elecrochemo magnetic AFM process, analysis of flow of media, i.e., shear rate, velocity, pressure calculations, etc., the role of computer neural network and algorithms in AFM process is analysed. Further, the computational flow analysis of the flow of media through the newly designed and fabricated EMR-AFM machine fixture is done using Ansys software.
5.1.1 Role of Computer Optimization Software and Algorithm in AFM Process Modelling
The demands of cost feasible products led to the development of advanced non conventional finishing processes like abrasive flow finishing process. In AFM process, abrasive media is extruded across the surface to be finished in single direction or two-way or orbital. Chryssolouris and Guillot (1990) modelled a machining process using neural network and multi-regression method. The neural network approach has been extensively used in abrasive flow machining. Jain et al (2000) developed the equations for material removal rate (MRR) and surface roughness (Ra) by multi variable regression and corresponding coefficients were evaluated using least squares method. For modeling the process in such a way that it perform like human being, we have to apply neural network method. It has three features, i.e. topology, functionality and learning. The back propagation neural network is shown in figure 5.1(b). Petri et al (1998) used the neural network model to predict the surface finish in abrasive flow machining. The developed to set machine parameters of AFM, by pairing with meta-heuristics, which assisted neural network model in extrapolating. The response of node of hidden layer, 
hj = f ∑wjixi 										           (1)
for output layer,
ri = f ∑vijhj 										       (2)
where w is weight of connection to hidden layer as shown in eq. (1) and (2). The function f is transfer function given by eq. (3).
f(t) = (1+e-t)-1 										       (3)
Shinmura and Aizawa (1986) developed a simulation to study on magnetic assisted abrasive finishing process. A set up was fabricated in which the input current to the solenoids was changed and accordingly the magnetic pressure was controlled. After analysis of the results of magnetic finishing the simulation results showed that the magnetic flux between north and south poles is maximum when the air gap between the poles is minimum. It was also concluded that the magnetic pressure between the poles attained maximum value at 1.2 Tesla flux density. The experimental and simulation results matched exactly at lower values of flux density. Figure 5.1(a) clearly explains the flow chart and step by step simulation of magnetic assisted finishing process. Jain and Jain [40] simulated the surface profile in abrasive flow machining by assuming the random distribution of abrasive grains in media. 
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Figure 5.1(a) Flow-chart representing magnetic forces effect, (b) Neural network approach in AFM
Uhlmann et al (2015) applied Maxwell model to polymer media by CFD simulation of abrasive flow machining process. 
Relaxation time, t = z/c  							                   (4)
C/ (w) = C0 + ∑ Ck. (wtk)2/[1+ (wtk)2]  						        (5)
The relaxation time calculation is given in eq. (4), while spring stiffness calculation for next series is done in eq. (5). Jain and Jain (2000) used back-propagation neural network model to optimize abrasive flow machining process. 
The genetic algorithm (GA) approach used for process optimization started with formulation of constrained optimization problem. Initialization of GA parameters, i.e. population size, string length, crossover, mutation probability and maximum number of genes is done. Put generation number = 0. Now, initial feasible random population is obtained. If the generation number > maximum number of genes, then the program is terminated, else again we have to evaluate fitness of each individual and the program is run in the similar manner. Silva and Geough (2000) have done a lot of work on computer applications in unconventional machining. 
5.1.2 Voltage and Magnetic Flux Calculations
A model was developed in which electrode gap was simulated and modelled and final micro tool diameter was predicted within the accuracy of 94% or 6% variation range to develop tungsten tools by Mathew et al (2000). In magnetic field assisted AFM process, the active abrasive particles actual participating in cutting action were calculated using developed model by Das et al (2008).  If the number of cycles and current was increased then surface roughness value was found to be decreased. The magnetic force used in the experimental work played a vital role in enhancing material removal. The calculation of magnetic force and the removal of material is the prime focus which resulted in the need of a mathematical model. Hence model was generated by assuming a magnetic particle of radius r and mass m and is of spherical shape. We apply continuity eq. (6), based on mass conservation principle.
	 = 1/       									       (6)
differentiating we get   = -	
where  is the density of magnetic particles. The abrasive particle equation of motion is given by eq. (7). In eq.(8), the pressure calculation is shown.
 = - 2 - 2 								                   (7)
The total pressure P = p+    								       (8)
Differentiating the above equation, we get the solution from eq. (9),
  =  + 
 = - 2  + 4  								       (9)

The magnetic field B is calculated as in eq.(10).
B = .  									     (10)
= 10 Gauss.
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Figure 5.2 Forces acting on abrasive particle inside the workpiece
The magnetic flux is calculated as given in eq.(11).
= ABcos                                                                              			     (11)
=  4.52  10  cos60o = 308 G/A
According to Faraday’s law of induction as shown in eq. (12), 
V = -N 							         			     (12)
    = -3200 4.52  cos60o  10/120 = 2784 V
B = 0.5 BPcos        									     (13)
 =  = 0.75 rad/s
where  is angular frequency of alternating current., which is calculated from eq.(13).
Hence V = 0.5 BPcos.sin  								     (14)
V = M 										     (15)
The eq.(14) and (15) are used for calculating voltage using current gradient.
The erosion is given by eq. (16), which denotes the rate of removal of metal from the work surface.
R =   											     (16)
M = kVAN 											     (17)
In eq.(17), mutual induction expression is shown.
Figure 5.2 shows a schematic drawing in which an active particle is subjected to a number of external forces. The direction of current is shown by fingers curling orientation of the right hand. It is seen that the different kinds of forces viz. magnetic, electrolytic and centrifugal force act on the abrasive particle. The piston cylinder arrangement above and below the fixture containing workpiece provide the required driving force to the media. This gives extrusion pressure to the abrasive laden polymer media which results in material removal from the surface of the job. The different forces incorporated in the system are as shown in figure 5.3(a), i.e., driving force transferred by the pressure of the media and normal force mainly produced by cylinder total pressure.
5.1.3 Effect of Time Derivatives on Magnetic Field
The approximation of different derivates in case of different field values with finite differences in Maxwell’s equations is explained in detail. We calculate these terms before iteration to speed the process of simulation. The algorithm for calculation of H and e field values is generated which is shown as in figure 5.3(b). The algorithm in which H and corresponding e values are calculated using iteration principle is generated. Initially  = 0 and  = 0. In the first iteration,  . This suggests that the e field value at time t changes to H field value at half time step more than initial time value. Similarly the corresponding e and H values after every half time step value are explained. 
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Figure 5.3(a) Different forces acting on the workpiece, (b) Time derivatives effect in magnetic field flow chart
In the following iterations,     and so on. The modeling included different laws i.e. Maxwell, Gauss, Faraday and Ampere law, etc. the above equations were utilized during modeling. The electric field generated during the operation of magnetic field in hybrid AFM setup diverges from positive charges whereas convergence occurs in case of negative charges. Figure 5.3(a) shows the workpiece and tool electric field charge directions that are either converging or diverging in nature. If we stop the supply of current, there are no charges and hence loops are formed. The magnetic field produced during the working of prepared electromagnetic setup in hybrid AFM process always form closed loops. The magnetic field strength was calculated and was upto 1 Tesla. This magnetic field causes the magnetic abrasive particles mixed in polymer media to attract towards the magnetized poles and hence hit the inner walls of brass workpiece, consequently improving the machining efficiency. The varying magnetic field with time is due to circulating electric field whereas the time varying magnetic fields induce circulating electric fields. The time derivative effect has been shown in figure 5.3(b) in the form of a flowchart. 
5.1.4 Analysis of Flow of Media
When the abrasive laden polymer media is reciprocated between upper and lower cylinders, and hit the work surface, it exerts force and this force can be divided into different components like axial i.e. along the centerline axis, along the radius of circular job and also perpendicular to the radius i.e. tangential components. Let k =1, y = distance moved by media per stroke of machining = 650 mm, time/ stroke = 6 sec.
hence, µo = 1  = 0.3917.
Let Fa, Fr and Ft are the axial, radial and tangential forces exerted by the polymer media on the abrasive particle, shown in eq.(18). Extrusion pressure at which AFM machine is set = 30 bar = 30 105 Pa
Fa = p.A = 30 105  100.53/106 = 301.6 N
Fr = pm.A = 2 105  100.53/106 = 20.106 N     
Ft = Fa.cos45o = 213.3 N							                 (18)
where pm is magnetic pressure = 2 Tesla = 2 105 Gauss. It can be seen that axial force is about 15 times the radial force, and 1.5 times the tangential force. 
The cutting force, Fc  is given in eq. (19) and shear force is given by eq (20)
Fc = ,					                                         (19)
=  = 369.42 N
Fs = .A  										     (20)
where Fs is the strength of workpiece and A is the projected area. For brass material, = 234 MPa
Fs = 234  100.5/106 = 0.0235 N
For positive condition of AFM action to occur, shear force must be lesser in magnitude as compared to cutting force. Since Fc ≥ Fs, hence cutting occurs. The flow of semi-paste polymer media inside the workpiece is assumed as turbulent flow. The shear stress is given by eq. (21) and (22).
 = n  + µ  			                                                                             (21)  = 0.9  + 48 = 8.05 MPa.
u1 = v1 = 43.2 mm/s
 = 1.1 10-3  43.22 = 2052.86 MPa
 = l22										     (22)
 	= 1.1  10-3  2602 0.1662 = 2.05 MPa
 =      (23)
 = /0.26 = 183.35 s-1
Shear velocity, V* = 0.4 y     						                  (23) = 19.06 mm/s
2.5 V*  = du
2.5 V* lny = u + c   
Boundary conditions: at y = R, u = umax
 = 5.75 log10   					  				     (24) At y = R, umax = u = 43.2 mm/s
The above eq. (24) is based on Prandtl velocity defect equation.

5.1.5 Computational Flow Analysis of Polymer Media in Hybrid Magnetic Assisted Abrasive Flow Machine Fixture
First of all, the nylon fixture for hybrid AFM process setup alongwith electromagnets was designed as shown in figure 5.4(a), then modeling simulation and analysis of the flow of media was done. It included velocity, pressure, shear rate calculation, etc. There is constant density of media during operation. The density of abrasive laden polymer media is 740 kg/m3. There is no effect on the density, it remains constant throughout the working operation. The shear rate variation with the flow passage is shown clearly in the figure 5.4(b), alongwith scale on the left side ranging from 2638 to 12006.74/s. As shown in the fixture, the shear rate value at entrance and exit lies between 1336.42/s to 2670.22/s, while all along the flow path the value was changing from 2638/s to 1336.42/s and the minimum shear rate value ranges from 2670.22/s to 4004.006/s which occurs at the junction of tapered portion of fixture and at the centre of workpiece location inside the fixture. This is due to the reason that the abrupt change in velocity occurs at this stage. The pressure value ranges from -297880 Pa to 1.22 e +07 Pa as shown in the scale in figure 5.4(d).
                  (a)                                                                     (b)                                                    
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Figure 5.4(a) Design of AFM fixture, (b) shear rate, (c) velocity of media flow and (d) pressure variation
The maximum pressure value is at the centre and gradually decreases upto the exit cross section of the fixture and similarly this pressure change is seen from opposite side of the fixture, now the exit becomes the entrance of the fixture. The pressure value at the centre is 5277112 Pa. 
               (a)                       (b)                                                                     (c)
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Figure 5.5 (a) Top view of AFM, (b) Meshing of AFM, (c) Effect on temperature
Table 5.1 Shear rate, pressure, velocity values at different locations during media flow
	S. No.
	X (m)
	Y (m)
	Z (m)
	Velocity VZ (m/s)
	Shear rate (1/s)
	Pressure (Pa)
	Shear stress (Pa)
	Temp. of fluid (K)

	1.
	0.00069
	0.0657
	0.0046
	1.93
	2037
	11.76
	0.04
	293.19

	2.
	0.00069
	0.0636
	0.0046
	2.00
	1168
	11.73
	0.06
	293.29

	3.
	0.00070
	0.0657
	0.0046
	1.87
	1957
	11.71
	0.04
	293.19

	4.
	0.00070
	0.0636
	0.0046
	1.90
	1057
	11.70
	0.06
	293.28

	5.
	0.00067
	0.0615
	0.0046
	2.00
	1578
	11.41
	0.07
	293.40

	6.
	0.00067
	0.0594
	0.0046
	1.99
	2035
	11.10
	0.09
	293.54

	7.
	0.00070
	0.0615
	0.0046
	1.88
	1478
	11.39
	0.07
	293.40

	8.
	0.00070
	0.0594
	0.0046
	1.86
	1958
	11.08
	0.09
	293.54

	9.
	0.00942
	0.0501
	0.0094
	0.00
	11.63
	67.53
	0.07
	294.06

	10.
	0.00702
	0.0501
	0.0114
	0.00
	6.155
	67.48
	0.03
	293.76
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Figure 5.6 AFM Machine set-up block diagram: 1.Transformer, 2.Electromagnet, 3.Transformer oil tank, 4.Flow-sensor, 5.Pressure gauge, 6.Motorpump, 7.3-Phase motor, 8.Speed controller, 9.Fixture, 10.Lower media cylinder ram, 11.Lower machine cylinder pressure gauge, 12.Upper machine cylinder pressure gauge, 13.Current reader, 14.Lower machine cylinder pressure controller, 15.Upper machine cylinder pressure controller
The temperature variation is negligible during the media flow through the workpiece along the fixture path. It varies in the range 293.2 to 301.43 K. According to global coordinate system, the velocity of media variation is clearly depicted in the figure 5.4(c), ranging from -3.55 m/s to + 3.543 m/s, maximum being at the cross-section changes in the fixture and second most near the workpiece location. According to continuity equation of flow, as the cross section area increases, velocity of flow decreases and vice-versa, the minimum velocity being at the inlet and exit of the fixture. Further, the top view of the machine fixture showing the inlet and outlet of the media flow, meshing and effect on temperature is shown in figure 5.5(c). It can be clearly inferred that temperature is nearly constant when polymer media laden with abrasive particles pass through machine fixture. The value of temperature is given in table 5.1. Before analyzing the effect of different parameters, i.e., temperature, pressure, shear rate, velocity, etc., the meshing of the flow of media between upper and lower extrusion cylinders is essential, as shown in figure 5.5(b).
A small element is taken on the flow field and values of various factors such as location, velocity, temperature, pressure, shear stress and shear rate are given in the table 5.1. It can easily be seen that temperature of media during its flow in the experimentation remains nearly constant, i.e., 293 K to 294 K. The velocity of flow of media varies from 0 to 2.008 m/s, this value obtained is nearly equal to that obtained from mathematical calculations. The shear rate changes from 6.155 s-1 to 2037 s-1, the drastic change may be due to the fact that firstly when media enters the fixture, the shear rate is low but when it comes in contact with workpiece surface, the shear rate value drastically increases due to the force exerted by solid surface onto the semi-solid of liquid layer of media. The pressure ranges from 11 to 67.5 Pa, which depends on machine parameter, i.e., extrusion pressure. AFM machine setup block diagram is as explained in figure 5.6.
5.2 Heat Transfer, Flow and Velocity Analysis
5.2.1 Heat Transfer During Media Flow Through Fixture
Assumptions:
(a) The energy flow is assumed to be one dimensional
(b) There is no heat generation due to any other source
(c) Unsteady state of conduction
The amount of heat conducted through the work surface is given by eq.(25)
qcond = -KA() watt 										     (25)
where q is conduction rate in watt, K is thermal conductivity in W/m2K and () is temperature gradient i.e. rate of change of temperature with thickness dx of workpiece. The media motion is shown in figure 5.7 (b).
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Figure 5.7(a) top view of workpiece rotation, (b) media bulk motion inside fixture
Due to extra rotational force provided to the workpiece with the help of motor, there is outer and inner surface velocity differential. Since the angular velocity is constant but radius of internal and external surface varies, hence peripheral velocities are different.
Vinner  Vouter (since RO  RI, and V = R)
where is angular velocity of motor, RO, RI are outer and inner radii of workpiece.
Now, we know the heat gets conducted through both workpiece surface and the adjacent polymer media. The heat conduction is in axial direction due to the two and fro motion of media due to extrusion pressure applied in upper and lower strokes. It is azimuthal in direction because of motor rotation, it glides along the peripheral surface of inner wall.
When the media flows in upward and downward stroke as a bulk movement, then due to macro motion, extrusion pressure energy of piston cylinder is transferred into thermal energy of media, which is given as in eq.(26).
qconv/trans = hAS(TS-Tf,m) 									     (26)
where AS is surface area of workpiece, TS is surface temperature of workpiece, Tf,m is fluid or media temperature. The different directions of heat transfer is shown in figure 5.8.
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Figure 5.8 Heat transfer directions in cut section of workpiece
Applying energy conservation principle we get
Ein – Eout + Egen = Est 						     (27)
where Ein is energy input, Eout is output energy, Egen is energy generated and Est is static energy.
Using Taylor’s expansion series
(Ein – Eout)r = qr – qr+dr = qr – (qr +  qrdr + .....)
                   = -  qrdr = - (-K.r.ddz.)dr
                   = (K).V 									     (28)
where qr is radial heat entering workpiece material, qr+dr is outgoing radial heat transfer, 
 is azimuthal angle, Z is height or length of workpiece. 
Hence
(K) + qg = Cp.                                                                                                               (29)
where α is ratio of heat conducted in workpiece material to heat stored in polymer media.
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Figure 5.9 Heat transfer circuit diagram
From equation (31) and (32), we get
 =  						     (33)						     
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Figure 5.10 Heat transfer vs media volume plot
The above equation represents heat diffusion equation in cylindrical coordinates in radial direction. The figure 5.10 shows effect of radius on heat transfer and thermal resistance. The media gets heated because of fast motion due to extrusion pressure applied by two sets of piston-cylinder arrangements. The assumptions taken during the modelling includes 1-D radial heat flux, non heat generation, constant thermal conductivity of the material and steady state conditions.
Now the temperature at any location in the workpiece is given by eq.(34).
T = (qq.R2/4K).[1 – r2/R2] + Ts 								     (34)
where qg is heat generated, R is radius of workpiece, r is radial distance at which temperature is to be calculated and Ts is static temperature. The heat transfer is given by the eq.(35)
q = (35)
where T1, T2 are workpiece inner and outer wall temperature respectively.
qconv =  											     (36)
where T is media temperature, ho is convective heat transfer coefficient of media, Ao is inner surface area of workpiece. The circuit diagram is as shown in figure 5.9.
The polymer media is assumed to fully cover or envelop the inner surface area of workpiece. Hence it is analogous to insulating the cylindrical workpiece internally, thereby acting as a temperature insulator. In the figure, the variation of thermal resistance with increase in volume of polymer media.
rc = , 
where KI is the conductivity of polymer media material (KI or Km). The temperature varies across the thickness of workpiece. The temperature of fluid or media is Tf, the centreline temperature is maximum which gradually decreases outwards hyperbolically as shown in figure. The thermal resistances of polymer media, convection and total resistance curves are depicted in figure. It is shown that thermal resistance of media increases as we move outwards across workpiece, while convective resistance i.e. heat transfer coefficient from media to work surface decreases at a constant rate. The total resistance is minimum at critical radius value while heat transfer rate is maximum at this instant.
As the number of extrusion cycles on AFM increases, the workpiece and media temperature changes and hence we can assume lumped heat transfer. Let at the end of first cycle,
T = Ti
where T is work temperature, Ti is initial temperature.
Let TI = TM,
where TM is polymer media temperature.
Applying energy balance in ‘n’ number of extrusion cycles, we get
Decrease in internal energy of workpiece in ‘n’ number of cycles = amount of heta rejected to media by convection
i.e. –m.c.dT = h.As.(T-TM).n 									     (37)
where m, c, h are mass, specific heat capacity, convective transfer rate of media material, As is work surface area.
Hence,  = , 									     (38)
where t is time constant.
t  = 
5.2.2 Radial Heat Transfer Through the Brass Workpiece
Assume one- dimensional, radial heat transfer s shown in eq (39) and (40)
q =   											     (39)
q = Ai = Ao   									     (40)
where Ai = 2πriL, Ao = 2πroL
the extrusion pressure inside the workpiece is assumed as the forced convection heat transfer in semi-liquid paste having convective heat transfer coefficient hi = 1200 W/m2K and the outside free convective heat transfer coefficient ho in gas = 375 W/m2K. the thermal conductivity of brass, k = 109 W/mK at 25oC.
 =  +  +  =   +  +  = 7.47 K/W
During machining, the temperature of media reaches,  = 145oC = 418 K.
Ambient air temperature, T1 = 32oC = 305 K.
Hence, q =  =15.13 W.
The overall heat transfer coefficient, Ui =  = 342.05  W/m2K
UO =  = 273.63 W/m2K.


5.2.3 Governing Equations of the Flow Pattern
The media used in AFM is composed of semisolid carrier mixed with abrasives which exhibits linear viscous flow property. The media is isotropic and homogeneous. Since cylindrical workpiece is considered, media flow is taken as axi-symmetric. The media flow is steady.
5.2.3.1 Continuity Equation
The condition of volume conservation can be expressed as,
 + +  = 0		     (41)
where, , and are components of strain rate tensor in azimuthal, radial and axial directions respectively.
5.2.3.2 Momentum Equation
+ = 0		     (42)
where,  is density of media, p is pressure (hydrostatic stress).
5.2.3.3 Constitutive Equation
The media behaves as a Newtonian fluid with shear stress being the linear function of shear
rate.The total stress tensor:-
= +
    =  + 		     (43)
where  is apparent viscosity and  is identity tensor.
5.2.4 Flow Regime of Polymer Media Across the Inner Work Surface
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Figure 5.11 Different types of flow regime inside work surface
In figure 5.11 flow regime of polymer media is shown. At ‘x’ distance,
Local Reynold number of the flowing media is given by
Rex =  									     (44)
where u, x, v are the free media velocity, distance of workpiece cross section from trailing edge, kinematic viscosity of media respectively.
Local heat flux, q = h(Ts - T)
                                = -Kf.()y=0 								     (45)
where Kf is media conductivity, ()y=0 is wall temperature gradient.
The elemental media mass flowing through any work cross section is given by eq.(46)
dm = .dAc.u(r)									     (46)
total mass is
M = 2 									     (47)
But me know that
M = R2.u(m) 									     (48)
Hence from above equations we get
U(m) =  									     (49)
where u(m) is the mean flow velocity of media.
5.2.5 Velocity Boundary Layer in Internal Flow of Media inside Workpiece
 (
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                    Figure 5.12 Graphs showing fully developed media flow
Mean temperature or bulk mean temperature of media is the temperature when the flow is fully developed.
Energy of media is given by
E = 2cp 									     (50)
Also, E = R2.u(m)cpTbm									        (51)
From above two equations we get
Bulk mean temperature,
Tbm =  								     (52)
5.3 Principle Operation and Characteristics of the Electrochemo-Magneto AFM Setup
During the working operation, the magnetic lines of forces act towards the workpiece whose internal wall surface has to be machined. In order to provide more focusing magnetic force towards the centre, the workpiece is placed inside the hollow cylindrical piece made of paramagnetic material, usually known as bright bar. The main aim of our model is to achieve high material removal and better morphological characteristics, which requires the development of electro-magnetic model. As the current supply to the developed solenoid arrangement is varied, the magnetic force gets changed. The following mathematical equations will predict the performance of abrasive flow finishing process.
5.3.1 Assumptions
Taking all the parameters in electrochemical and magnetic force assisted AFM into account, the following assumptions are taken while writing mathematical equations:
(a) The workpiece material is homogeneous and isotropic.
(b) The magnetic field domain inside the workpiece is symmetrical about the axis.
(c) Both cathode (cylindrical rod) and anode (workpiece) are conducting in nature.
(d) The supply of current in the solenoid coils is assumed to be constant.
(e) The magnetic abrasive particles are considered spherical- shaped.


5.3.2 Magnetic Flux Intensity and Electrolytic Force Modeling
The Maxwell equation (53) is used to determine electromagnetic forces and the direction of the magnetic lines. The equation can be denoted mathematically as:
.B = 0 											     (53)
where B is the magnetic flux density.
  +  = 0                                                                                                                   (54)
where  is the azimuthal angle, z is the height of the workpiece where the effect of magnetic field is produced.
According to British standard wire gauge: 19 gauge = 0.040 inch = 1.016 mm diameter
Resistance of 19 gauge wire = 0.0264 ohm/m, at 20 ‘C.
Copper density = 8.96 g/cm3 or 0.324 lb/in3
Maxwell’s Equation:
(a) Gauss’ Law
 = θ
 =  + + 										     (55)
The electric field generated during the operation of magnetic field in hybrid AFM setup diverges from positive charges whereas convergence occurs in case of negative charges.  
 = 0
 =  + +(56)
The magnetic field produced during the working of prepared electromagnetic setup in hybrid AFM process always form closed loops. The magnetic field strength was calculated and was upto 1 Tesla. This magnetic field causes the magnetic abrasive particles mixed in polymer media to attract towards the magnetized poles and hence hit the inner walls of brass workpiece, consequently improving the machining efficiency. 
(b) Faraday’s Law
 = -
 = bx + by+ bz                                                         (57)
The varying magnetic field with time is due to circulating electric field whereas the time varying magnetic fields induce circulating electric fields. 
(c) According to Ampere’s law,
 =   										     (58)
Where  is the current density. The above eq.1 shows that a circulating H field induces change in S field at the center of circulation. The circulating magnetic fields induce currents and time varying electric fields, whereas currents and time varying electric fields induce circulating magnetic fields. 
A B field induces an H field which is directly proportional to the permeability, as shown in eq.1.
(t) = [µ(t)].(t) 										     (59)
Where µ is the permeability index of the medium.
(t) = [e1(t)].(t) 										     (60)
The above eq.1 denotes the induction of e field due to S field which is proportional to permittivity e1. 
5.3.3 Effect of Magnetic Field
Let heat flux entering due to magnetic flux be qconv, magnetic.
Applying steady flow energy equation on control volume, we get
qconv, magnetic = m.cp(Tb,o- Tb,i) watt 								     (61)
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Figure 5.13 Electromagnetic setup configuration
1i, 2i, 3i are the solid angles between iron particles and electromagnet pole 1, 2 and 3 respectively. The configuration of magnetic field is shown in figure 5.13.
n1, n2 and n3 are normal vectors on poles 1, 2 and 3. 
, are angles made by normal vectors with longitudinal axis of workpiece.
Magnetic flux Ie =  									     (62)
5.3.4 Analysis of Electrochemistry During Abrasive Flow Machining Process
The electrochemical equivalent of alloy:
Anode is alloy brass (Cu + Zn)
Let Cu = 1 and Zn = 2
where 1,2 are the elements in the alloy.
5.3.4.1 Volume Removal Rate and Electrolytic Charge Calculations
Let m1 and m2 are atomic weights of the elements i.e. 29 and 30 respectively, V1 and V2 are the valencies i.e. 2 each, x1 and x2 are percentage fraction of the element in the alloy, i.e. 0.7 and 0.3 respectively and  and  are the densities i.e. 8.96 and 7.13 g/cm3 respectively.
The initial weight of brass workpiece = 3.753 g
Final weight = 3.5531 g
Change in weight = 0.1999 g
Let Va is the volume of material that goes into the electrolytic or media solution in given time t.
Volume removed, V = 0.1999/8.70 = 0.0229 cm3
The weight of copper =  x1 								     (63)
=  0.7 = 1.4266  10-3 g
Weight of zinc =  x2 =  0.3 = 4.89  10-3 g
The charge taken by copper Q1 = w1Fv1/29 = 1.4266  10-3 96500 = 9.48 C 
The charge taken by zinc Q2 = w2Fv2/30 = 31.46 C
The total charge required for removing all the elements from the alloy will be
Q = Q1 + Q2  											     (64)
= 40.9 C
The volumetric material removal rate VM per unit charge
VM = Va/Vtotal = 6.3  10-3/ 0.0229 = 0.275 mm3/C
If the current I flows for time t, the total charge and MRR are given by eq (65) and (66)
Qtoatal = I.t  											     (65)
MRR = Va/t  											     (66)
Diameter of ECM rod = 4 mm
Inner diameter of workpiece = 8 mm
Hence dh = 4 mm
The weight dissolved dW =.431 g
where dh is the gap between anode and cathode and t the time of machining per piece.
I = V/R 											     (67)
where R is the resistance of electrolyte.
5.3.4.2 Electrolytic Reactions Taking Place During Machining
The electrochemical reactions taking taking place during the operation are given in eq (68-70)
NaCl(s) = Na+(aq) + Cl-(aq) 									     (68)
Cathode: 2H2O + 2e-  2OH- + H2 								     (69)
Anode: 2NaCl  2Na+ + Cl2 + 2e- 								     (70)
5.4 Analysis on Abrasive Particles
5.4.1 Force and Motion Analysis 
Abrasive particle is assumed to be under the action of three external forces:
(a) Shear effects
(b) Rotational or centrifugal effects
(c) Torsional effects
Assumption: the analysis is done on 2-D surface of abrasive grain.
When abrasive particle is under motion due to force provided by the piston, it is under the ction of various shear stresses as shown in figure 5.14.
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Figure 5.14 (a) initial shape of abrasive grain, (b) final shape of abrasive grain
Total shear strain in X-Y plane = xy = total angular deformation of abrasive particle.
Suppose abrasive particle is acted upon by three directional forces due to external pressure of piston, magnetic pull of solenoid and rotational motion provided by induction motor as shown in figure 5.15.
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Figure 5.15 Rotational motion of bulk of abrasive grains
Therefore volumetric stress on particle is given by
v =  =  					     (71)
     = ().(1-2µ)
where x, y, z are stresses due to magnetic pull, centrifugal force and extrusion force of piston respectively.
Let  is rotational speed of workpiece (rad/s).
Let us take a bunch of abrasive particles at distance x from longitudinal axis of workpiece. Due to centrifugal action, there is tendency that this bunch gets pushed outwards.
Let outward movement = d =  = ().(L-x/2)..dx/AE 				     (72)
There total movement =  = .L3/3E
In addition to above, abrasive grain is under torsional effect. The rhombohedral shape of particle can be assumed as circular shape.
T =  
= 2 											     (73)
where T is torque applied to abrasive particle due to motor rpm.
Due to rotation effect, the centrifugal action occurs on polymer media which leads to the tightening of media volume against the wall surface of workpiece.
Total axial movement of polymer media = [elastic contraction of workpiece] + [elastic expansion of media after release of centrifugal force]
n.p = [Lw] + [Lm] 			     (74)
where w, m subscripts represents workpiece and media respectively,  is axial normal stress, E is Young’s modulus and L is length of workpiece.
5.4.2 Hitting of Abrasive Grain Against Workpiece Surface
When abrasive grain hits the surface, it produces impact force since it hits with high velocity from a certain distance. Let max be maximum or dynamic deflection of the elastic workpiece material on impact of abrasive grain.
Loss of energy of abrasive particles = gain in strain energy of workpiece surface
mg(h+max) = AL 			     (75)
Hence, max = [1+] 			     (76)
where W is weight of abrasive particle hitting the work surface, A, E are the area of cross section and Young’s modulus of work material.
The linear motion of abrasive particle hitting the work surface is assumed to be moving with feed velocity f and the workpiece is in constant rotational motion N rpm. The feed is f mm motion of abrasive grain/ revolution of workpiece and fN is feed velocity in mm/min. The abrasive particles result in abrasion of work surface and the material gets removed.
5.4.2.1 Material Removal Time (tmr) Calculation
Velocity of abrasive particle motion, V =  m/min 			     (77)
Speed in revolutions per minute, N = V1000/ rpm
Hence cutting time, tmr =  			     (78)
where Le is the effective work surface length machined.
Hence material removal rate, MRR =  			     (79)
                                                          = (Do2- Di2)fN 
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Figure 5.16 Penetration of abrasive aprticle into work surface in successive extrusion cycle provided by AFM machine
Depth of penetration (as shown in figure 5.16), 
X =  			     (80)
Where D is workpiece diameter in mm,  is angle subtended by abrasive particle during indentation. Since workpiece is in continuous rotational motion,
AB = [Dw – ] 								     (81)
where Dw is workpiece diameter and Da is abrasive grain diameter.
Wear of inner work surface:
The wear is generally radial wear and the volume of material removed = lbd 
                                                                                                                  = Vi-Vf
                                                                                                                  = (Di2- Df2)L            (82)
Where Di is initial diameter, Df is final diameter and L is work length.
5.4.3 Depth of Indentation and MR Calculation
When material removal occurs due to impingement of abrasive grain onto the surface or inner wall of workpiece, due to external force, there is indentation upto some particular depth and this depth is in microns. For different materials of job and different nature of abrasive grain used, this depth varies in magnitude. If harder and coarse grain is used then depth is more while fine and smoother grain results in better surface quality and lesser depth of indentation. The harder workpiece are affected to lesser extent.       
Ap = πdgh 											     (83)
where Ap is the projected area, dg is the diameter of the embedded grain and h is the depth of penetration. dg is abrasive diameter corresponding to 300 mesh size = 0.051 mm (from Sigma Aldrica particle size conversion table)
brass density,  = 8.70 g/cm3
initial weight of brass workpiece, wi = 3.753 g
final weight, wf = 3.5533 g
decrease in weight after finishing process,  = 0.1999 g
volume of hollow cylindrical brass workpiece, V =  (102 – 82).16 = 452.4 mm2
hence, volume of material removed,  =  = 0.0229 cm3
hence, h =  = 0.0569 mm


5.4.4  Stresses Acting on the Job
Sooraj and Radhakrishnan in 2004 gave the expression for calculation of radial stress by eq (84)
Pr =  Pa, where Pr, Pa and  are radial stress, axial stress and poisson ratio of elastic abrasive respectively. 										     (84)
Pa = 30  105 Pa
poisson ratio of elastic abrasive,  = 0.21
Pr =  30  105 = 797.468 kPa.
According to Hertzian contact theory, the elastic deformation of elastic abrasive in axial direction is given by eq (85)
 =    										     (85)
where Fa(ea) = PaRea2   									     (86)
Rea = 0.025 mm
The equivalent Young’s modulus is given by eq (87)
 =  +  , where  is the poisson ratio of workpiece material.                              (87)
 =  +  = 5.99/1000
 =  = 0.419 mm
Let the brass workpiece taken be assumed as thick cylinder as it fulfills the condition ≤20
In the present case = 10/2 = 5 i.e. ≤20.
During machining, the workpice is subjected to both external pressure i.e. magnetic flux and internal pressure i.e. extrusion pressure exerted by polymer media.
Pp is the extrusion pressure exerted by polymer media given by eq (88) and Pm is magnetic pressure given by eq (89)
At x = , px = pp = 30  105 Pa
x = , px = pm = 2  105 Pa
pp = -a +     											     (88)
pm = -a +    											     (89)
30  105 = -a + 15625 b
2  105 = -a + 10000 b
a = 4777777
b = 497.77
The hoop stress and radial stress are given by eq (90) and (91)
therefore ()x = a +    									     (90)
()x = a -    											     (91)
At x = 8 mm, ()x = ()x = 47.77 MPa
5.4.5 Acceleration and Rotational Effects
Acceleration of abrasive particle through media: is given by eq (92)
 = ax + ay +az  										     (92)
ax =   +  + + 
     = u + v + w +  = 43.2   +    + 0 = 12.47 mm/s2
ay =  = u + v + w +  = 2.307 mm/s2
az =  = u + v + w +  = 0
hence a = 12.68 mm/s2.
In flow field, the rotational components are as under:  given in eq (93) and rotation is given in eq (94)
tand = dxdt 										     (93)
hence  =  											     (94)
similarly  = 
rotation wz = 0.5  =  = 3.59 s-1
w =0.5  										     (95)		The vertical force exerted by the fluid on the workpiece = dFv = weight of fluid of the above surface =  = 0         								     
where  is the volume of the media above the surface.
dFv = 1.1  10-3  9800  (650/2)  3.14  8  16  (1/1.14) = 1235.2 kN.
The horizontal force acting on the workpiece = dFh =  = 0.
where  is the projected area.

Summary
a) Firstly mathematical and computational modelling of EMR-AFM process was done.
b) Heat transfer, flow, velocity analysis model was prepared and effect of magnetic field and electrochemistry was studied.
c) The model based on forces and MR calculation based on abrasive particles was prepared and analysed.
d) CFD analysis of media flow through the fixture path was done and rheological properties were studied and analysed.











CHAPTER 6: RESULTS AND DISCUSSION
	In this chapter the output results of both mathematical and experimental investigation are discussed and analysed. The experimental values obtained on developed EMR-AFM setup in terms of material removal and roughness of surface were analysed and the developed polymer media results were compared. These values were compared with the results obtained through mathematical models and the results from fuzzy logic optimization and grey relational analysis were tabulated and discussed. Further the computational flow dynamics of the polymer media was done using Solidworks software and various rheological properties were studied.
The results and discussion section is the main output of the experimental and analytical research carried out by the researchers in the present study. It comprises the output results, i.e., material removal and roughness behavior with respect to input parameters taken on the hybrid EMR-AFM setup. Further the mathematical and computational modelling of the process alongwith Taguchi L9 OA, fuzzy logic, GRA optimization technique results are also discussed in details.
6.1 Effect of Process Parameters on MR
In this section, the output material removal (MR) results obtained during AFM is analysed considering the effect of input parameters taken. Firstly, the different polymer media that were prepared were utilized in the process and their effect was calculated. It can be found out in the literature that material removal or wear was achieved in more amount by using hard abrasive particles based tools. Hence, the role of abrasive particles is very high in material removal from the work surface. The experiments were performed based on Taguchi L9 OA, by taking first three parameters, i.e., electrolytic voltage, number of cycles and pressure as variables and rest parameters as constant, as shown in table 6.1. The five different types of prepared media are used to check the best usable media in AFM process. The table 2 consists values of material removed during AFM process in case of different media viz. SBR, NTR, SR, SR, NR and PBS, used. The MR was found to be minimum in PBS, i.e., 2.39 mg, maximum in SBR, i.e., 3.88 mg and intermediate results were obtained in NTR, NR and SR media, as given in table 3. It can be concluded that maximum MR occurs in case of SBR media usage, i.e., 4.9 mg at electrolytic voltage 18 V, number of cycles 4 and extrusion pressure 10 bar. But when voltage taken was 6 V, number of cycle 6 and pressure 30 bar, MR was found to be minimum, i.e., 1.7 mg in case of PBS media usage. The reason may be the poor flow ability of PBS and due to lesser input voltage. Hence, it is proven that SBR results in more removal of material as compared to PBS, further, electrolytic voltage increases the MR, whereas pressure and number of cycles effect on MR is lesser as compared to that of voltage. 
Table 6.1 Effect of different polymer media used on material removal
	Exp. No.
	Material removal (MR) (mg)

	
	SBR
	NTR
	SR
	PBS
	NR

	1
	3.6
	3.6
	3.9
	2.5
	2.3

	2
	4.4
	3.8
	3.8
	2.1
	2.3

	3
	4.0
	3.1
	3.9
	1.7
	2.3

	4
	3.0
	3.7
	3.5
	3.2
	3.1

	5
	4.9
	2.5
	3.3
	2.4
	2.4

	6
	3.4
	2.5
	3.1
	2.1
	3.8

	7
	3.6
	2.3
	4.0
	2.9
	3.33

	8
	4.9
	3.8
	3.2
	2.0
	3.0

	9
	3.5
	3.1
	3.8
	2.6
	3.3

	Avg.
	3.8
	3.1
	3.6
	2.3
	2.8



In table 6.2, ANOVA technique applied shows that model is significant including media, pressure, number of cycles and volume of media, denoted by letters A,B,C, and D, respectively. The equation in terms of coded factors can be used to make predictions about the response for given levels of each factor. As seen from table 3, which is based on analysis of variance for the workpiece material removal, clearly indicates that the model is significant and the lack of fit is found to be insignificant. The P-values of the parameters, i.e., A, B, C and D are also significant alongwith their combination sets, i.e., AB, BC, etc., and their square values, the model degree of freedom being 14. The input parameters taken were in 4 levels, i.e. A (1. NR, 2. NTR, 3. SBR, 4. PBS), B (1. 15, 2. 20, 3. 25, 4. 30), C (1. 6, 2. 7, 3. 8, 4. 9) and D (1. 200, 2. 215, 3. 230, 4. 245), the units of A, B, C and D being dimensionless, bar, number and ml respectively. The surface plots obtained showing output material removal results in the RSM technique are as shown in figure 6. the input variables, i.e., A, B, C and D are taken on horizontal plane, i.e. X1 and X2 axis, while output variable, i.e., MR is taken on Y axis.
Table 6.2 ANOVA table for material removal
	Source
	Sum of squares
	DOF
	Mean square
	F-value
	P-value
Prob.>F
	

	Model
	10.09
	14
	0.72
	5.68
	0.0009
	Significant

	A-Type of media
	0.41
	1
	0.41
	3.27
	0.0006
	

	B-Extrusion pressure
	6.023E-003
	1
	6.023E-003
	0.047
	0.0004
	

	C-No. of cycle
	0.029
	1
	0.029
	0.23
	0.0072
	

	D-Vol. of media
	0.90
	1
	0.90
	7.07
	0.0079
	

	AB
	4.977E-003
	1
	4.977E-003
	0.039
	0.0056
	

	AC
	0.058
	1
	0.058
	0.46
	0.0092
	

	AD
	0.072
	1
	0.072
	0.56
	0.0041
	

	BC
	0.15
	1
	0.15
	1.20
	0.0099
	

	BD
	0.026
	1
	0.026
	0.21
	0.0044
	

	CD
	0.073
	1
	0.073
	0.58
	0.0096
	

	A2
	3.30
	1
	3.30
	25.98
	0.0001
	

	B2
	4.67
	1
	4.67
	36.83
	<0.0001
	

	C2
	2.52
	1
	2.52
	19.84
	0.0005
	

	D2
	0.062
	1
	0.062
	0.49
	0.0037
	

	Residual
	1.90
	15
	0.13
	
	
	

	Lack of fit
	1.54
	10
	0.15
	2.14
	0.2075
	Not significant

	Pure error
	0.36
	5
	0.072
	
	
	

	Cor total
	12.00
	29
	
	
	
	



The figure 6.1(a) and 6.1(b) shows top and front view respectively, that are based on constant type of media parameter used in which the input parameters combination set AB and AC was used rexpectively. It can be inferred from the figure 6.1(a) and 6.1(b) that MR value lies between 1.5 mg to 1.9 mg, maximum being at extrusion pressure 21 bar and number of cycles 7. In figure 6.1(c) and 6.1(d), the output MR results are based on constant extrusion pressure used in which top and front view surface plots are plotted to analyse the MR results based on BC and AD input parameters combination sets. The MR was nearly 2.25 mg, i.e. more removal of material occurs at constant pressure, maximum being at volume of media 225 ml and during usage of media number 3, i.e. SBR.
The hybrid electromagneto rotational abrasive flow machining (EMR-AFM) setup resulted in higher material removal and better surface integrity. For calculating the effect of magnetic field on the hybrid AFM set-up , the three input parameter i.e. magnetic voltage or flux, ECM rod size and voltage were taken and it was found that both electric and magnetic lines of force caused increased velocity of particle hitting the work surface. The rod size first increases the metal removal and then its effect is negligible. The Taguchi L-9 OA is applied to optimise the result in which 9 experiments have been performed using different combination of 3 input parameters, the results shown in table 6.3.
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A: Type of media, B: Extrusion pressure, C: No. of cycles, D: Vol. of media
Figure 6.1 3D Surface model (a) Type of media (surface view from top), (b) Type of media (surface view from front), (c) Extrusion pressure (surface view from top), (d) ) Extrusion pressure (surface view from front)       
Abrasive type (at), abrasive mesh size (am), electric voltage (ev), rotational speed (rs), magnetic voltage (mv), workpiece type (wt), number of cylces (nc), extrusion pressure (ep) i.e. machine parameters used are shown in table 6.3. The combination of input parameters for experiments using Taguchi L9 OA technique, is made in a scientific manner so as to understand the overall effect of abrasive particles, voltage and workpiece used, etc. The first combination, i.e., (at, am, ar), signifies the importance of abrasive particle, its size and the mixing ration in the machining efficiency. The second combination (ev, rs, mv) is based on the hybrid EMR-AFM machine setup fabricated, so as to analyse the effect of different types of forces on the output finishing results. The third combination, i.e., (wt, ep, nc) gives us the data of conventional machine parameters effect on MR and Ra results.
Table 6.3 Material removal and roughness output values
	Parameters
	at, am, ar
	ev, rs, mv
	wt, ep, nc

	Exp. No.
	MR
	Ra%
	MR
	Ra%
	MR
	Ra%

	1
	5.8
	24.01
	7.8
	34.01
	6.8
	24.4

	2
	5.03
	16.4
	7.3
	26.4
	6.03
	17.9

	3
	4.86
	30
	6.9
	30
	5.86
	30.9

	4
	6.64
	18.8
	6.9
	28.8
	5.64
	18.2

	5
	9.19
	14.33
	9.2
	24.33
	8.19
	14.69

	6
	8.14
	13.1
	9.5
	23.1
	8.14
	13.98

	7
	7.1
	25
	10.1
	35
	8.1
	25.91

	8
	6.5
	8.9
	10.5
	9.9
	8..5
	8.9

	9
	10.5
	10.9
	12.9
	10.9
	11.5
	10.99

	Avg.
	7.06
	18.1
	9.02
	24.75
	7.64
	18.41



It can be inferred from output results, as shown in table 6.3, that the second combination set results in overall increase in MR and percentage decrease in Ra value as compared to conventional AFM machine used for experimental purpose. Hence the hybrid machine setup used by the authors resulted in 34.5 % and 17.8 % rise in % Ra improvement and MR respectively, as compared to traditional setup, the average output results data is as shown in table 6.3.
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S/N ratio data, --------- raw data
Figure 6.2. S/N ratio and raw data output graphs of material removal rate vs (a) Magnetic voltage, (b) ECM rod size, (c) ECM voltage respectively
The applied magnetic field at starting increases material removal at slower rate but afterwards its increase is high, as shown in figure 6.2(a). In figure 6.2(b), it is clear that the MR rate value increases from 0.2 mm3/min to 3.0 mm3/min when ECM rod size of diameter 6 mm is put inside the workpiece instead of rod of 4 mm diameter size. This indicates that by increasing the diameter or decreasing the gap between anode and cathode from 6 mm to 4 mm, the more MR occurs. Afterwards, using thick thick ECM rods greater than 6 mm results in very less improvement in removal of material. The approximately same trend is shown in figure 6.2(c), in case of electrolytic voltage, in which MR increases at fast rate when electrolytic voltage increases from 6 V to 12 V, but further increase in voltage increases MR at slower rate.
Table 6.4 ANOVA table
	Source
	Sum of Square 
	Degrees of Freedom
	P
	V
	F-value
	Pool

	Electrolytic rod 
	630.33
	2
	81.24
	80.50
	19
	No(significant)

	ECM Voltage
	120.44
	2
	16.14
	300.12
	19
	No(significant)

	Magnetic Flux
	33.22
	2
	4.46
	15.54
	19
	No(significant)

	Error
	2.03
	2
	
	
	
	No(significant)



The ANOVA calculations for S/N ratio is as shown in table 6.4. The three experimental runs of material removal of each workpiece is shown alongwith mean, variance and sum of squares. It is found that all the three input parameters taken are significant, their degree of freedom being 2 each.

Figure 6.3 (a) MR vs rotational speed plot, (b) Power vs volume of material removal plot
The material removal effect with and without rotational effect is clearly depicted in figure 6.3(a) in which 1600 rpm speed resulted in maximum removal of material. When rotational force in not employed in AFM process, then on an average 2.9 mg material gets removed, while using rotational setup results in removal of material upto 4.5 mg. As shown in figure 6.3(b), it is clear that when speed of rotation is increased from 800 to 1600 rpm, the MR value drastically increased from 2.5 µm to 4.5 µm. The power consumption of the machine vs volume of material removal in case of different polymer media developed is shown in figure 6.3(b), where it was found that natural rubber based media required more power as compared to nitrile and SBR for same volume of material removed. The power consumption in EMR-AFM process got reduced from 0.65 kW to 0.1 kW when NR media was used, while SBR media usage resulted in constant power consumption of about 0.5 kW with increase in MR of workpiece. The material removal volume was calculated by calculating change in weights of the workpiece at the start and end of process.
The proper validation has been done for both experimental and analytical output results; so that we can obtain best optimized result i.e. higher material removal and lower surface roughness value. In figure 6.4(a), material removal effect on magnetic voltage and number of extrusion cycles is explained. The increase in number of cycles from 4 to 8 gradually increased the MR as seen from the surface plot and material removal first increased and then decreased by increasing the magnetic voltage. The analytical methods, ie., surface and interval plots were applied so that the complete overview of the various input parameters’ effect on output responses can be understood. In the interval plot as shown in in figure 6.4(b), the 3 intervals of rod size taken at 4, 5, 6 mm, the MR results obtained are about 0.17 gm at 4 and 5 mm rod size, while 0.125 gm at 6 mm rod size.
(a) 						(b)
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Figure 6.4 (a) Surface plot of MR vs magnetic voltage, (b) ANOVA interval plot of MR vs rode size
From this data, we can easily infer that the MR increases when we use ECM rod of size more than 4 mm and the same inference was drawn in the previous section. Hence, it is concluded that in both cases, i.e., Taguchi L9 OA output results and the interval plots, the results are nearly same.
6.2 Effect of Input Parameters on Surface Roughness (Ra)
In this section, the Ra improvement is analysed and the effect of various input parameters is understood in details. Various authors have obtained significant results in surface roughness reduction. Firstly, their brief work is introduced in the section and then the output results obtained by the present author in doing experiments on EMR-AFM setup are discussed in detail. If EDM and ECM lapping was used, then surface roughness was improved upto 0.07 mm in 2 min. In double disc magnetic abrasive finishing of paramagnetic materials, Al disc with 4 NdBFe magnets is used. Al is used as casing because permeability is one, hence magnetic lines of force are not affected. The best surface finish results were obtained when working gap was 1 mm, 18% by weight abrasive particles, speed 436 rpm for stainless steel while for Cu alloy when working gap 2.3 mm, 36% by weight abrasives and 467 rpm speed.
In case of finishing of workpiece material, the utmost requirement is that surface obtained should be of very fine finish and integrity. Hence, the input parameters are controlled in such a wayso as to get nano-level fine finished products. These products are used in precision instruments where high degree of accuracy is needed, in medical and surgical dentures where medical care has to be done in a very safe environment since the life and health of an individual is considered. The effect of finishing time of workpiece, extrusion cycles, machining pressure on the output Ra response was analysed graphically. The matrix of mold injection surface of initial Ra value 0.65 µm was polished till Ra reached 0.07 µm in 1500 seconds in abrasive flow machining (Jain et al. 1999). In the prepared machine setup, the surface roughness was reduced from initial Ra value of 1.4 to 0.07 µm in 1200 seconds, i.e. 40 % more roughness reduction in 20% lesser time in contrast to conventional AFM process, comparison shown in figure 6.5(a). The finishing time was calculated with the help stopwatch setting on during the number of extrusion cycles of finishing the workpiece. The finishing time ranges from 5 min to 25 min per workpiece and it was found that maximum cutting of workpiece material occurred in first 10 min and afterwards the surface roughness improvement was negligible.
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Figure 6.5(a) Reduction in Ra vs (a) finishing time, (b) extrusion cycles, (c) media pressure, (d) % abrasive concentration plot 
The Ra decrease was obtained and compared with the input parameters viz. vibration amplitude, pressure and time of machining the temperature and viscosity of media taken was 300 K and 730 poise respectively as shown in (Venketesh et al. 2015) while initial Ra kept between 1.2-1.4 µm and concentration of abrasive in media by weight was 60:40.  The parameters taken during operations include volume flow rate in the range 7000-16000 mm/s and piston stroke length per cycle 4  50 and 200 mm on the 50CrMo4 material. The surface roughness value was reduced from 0.8 µm to 0.2 µm in rotary ultrasonic machining. the surface roughness value was drastically reduced from 1.4 µm to 0.11 µm in the present working set up, as shown in figure 6.5(b). The roughness value decrease with number of extrusion cycles as shown. It can be inferred from figure 6.5(b), that the number of machine extrusion cycles requirement is decreased from 15 to 8 in the present hybrid setup utilized in experimentation. The conventional setup resulted in roughness reduction from 1.25  to 0.6  while the hybrid setup decreased Ra from 1.5  to 0.2 , i.e., 53.8 % more improvement in roughness. The main aim is to achieve high material removal, better surface finish, reduced sub-surface damage. In figure 6.5(c) and (d), the surface roughness percentage improvement is more in hybrid electrolytic magneto rotational AFM setup as compared to conventional AFM process. In case of conventional AFM process, when 20 % abrasive particles and when no abrasive particle is used, then Ra value get reduced from 0.3 µm to 0.12 µm at gradual rate with increase of media pressure and roughness value increased with increase of pressure respectively. As shown in figure 6.5(c), it is clear that in EMR-AFM setup, the roughness value got reduced from 0.7 µm to 0.19 µm at 50 bar extrusion pressure value. Hence it is concluded that more decrease in surface roughness can be achieved in hybrid machine setup at half the extrusion pressure value. It can be inferred from figure 6.5(d), that 10 % more improvement in roughness value results in case of hybrid AFM setup as compared to conventional AFM process when percentage abrasive concentration is increased in polymer media. 
6.3 Matlab Fuzzy Logic and Grey Relational Optimization of Material Removal and Surface Roughness Results
Grey relational analysis optimization technique was used by Lin and Lee (2009). After getting the output optimized results of MR and Ra values in Taguchi L9 OA and RSM technique, the results are optimized in multi objective fuzzy logic optimization and grey relational analysis and then compared and to get to a conclusion that which technique is best. In fuzzy logic optimization process, first of all the membership functions were defined i.e. very low to very high in 5 levels, shown in figure 6.6. Highest MPCI value corresponds to lowest rank as shown in table 6. In GRA, firstly, the normalization of data is done, then for various experiments the grey relational coefficients are calculated, as shown in table 6.5. These values range from 0 to 1. At last grey relational grade is calculated. The eq. (1) is used for calculating GRC value.
GRC =   									      (1)
where d is the value corresponding to the experiment run ranging from k =1-9, e is value taken corresponding to the number of output responses taken.


Table 6.5. GRC and MPCI rank values corresponding to Taguchi L9 OA experimentation
	Exp. No. 
	% Ra
	Normalised (N)
	Deviation (D)
	GRC
	MR
	N
	D
	GRC
	MPCI
	Rank

	1 (111)
	20.37
	0.09
	0.81
	0.38
	4.2
	0.00
	1.00
	0.33
	0.06
	9

	2 (122)
	16.4
	0.00
	1.00
	0.33
	10.8
	0.43
	0.57
	0.46
	0.25
	8

	3 (133)
	50.8
	0.75
	0.25
	0.66
	12.4
	0.53
	0.47
	0.51
	0.55
	3

	4 (212)
	30.3
	0.30
	0.70
	0.41
	14.4
	0.66
	0.34
	0.59
	0.42
	6

	5 (223)
	38.1
	0.47
	0.53
	0.48
	19.6
	1.00
	0.00
	1.00
	0.65
	1

	6 (231)
	62.4
	1.00
	0.00
	1.00
	10.2
	0.39
	0.61
	0.45
	0.64
	2

	7 (313)
	36.5
	0.44
	0.56
	0.47
	7.2
	0.19
	0.81
	0.38
	0.31
	7

	8 (321)
	50.4
	0.74
	0.36
	0.58
	8.2
	0.26
	0.74
	0.40
	0.45
	5

	9 (332)
	53.9
	0.82
	0.28
	0.64
	9.8
	0.36
	0.64
	0.43
	0.54
	4



The three input variables taken were magnetic flux, electrolytic voltage and rotational speed and each parameter has 3 levels. As it is clear from table 6.5, rank 1 corresponds to the condition of magnetic flux of 0.75 Tesla corresponding to 125 V magnetic voltage, 12 V electrochemical voltage and 160 RPM rotational speed. In table 6.5, the final output results in terms of MR and Ra are listed for both fuzzy logic and grey relational analysis. The GRC values range from 0.0 to 1.0 in case of material removal of 4.2 µm to 19.6 µm respectively, while it range from 0.33 to 1.0 for percentage roughness improvement value of 16.4 % to 62.4 % respectively. Hence, it is concluded that GRC value increases if material removal increase and percentage improvement of roughness increases. After GRC calculations, the deviation is found out and then at last MPCI value is calculated from Matlab fuzzy logic software. The MPCI values ranges from minimum 0.06 to maximum 0.64, i.e., it signifies the best combination of input parameters so as to get intermediate value of material removal and improvement of roughness value, i.e. optimized combined result, hence called multi objective optimization process. As shown in figure 6.6, the FIS variables are set as output variables of finishing operation and corresponding MPCI variables are generated. It is also shown that membership function plots are also set according to the input parameters, as low (L), very low (VL), medium (M), large (L) and very large (VL) based on the effect of input parameters, i.e., magnetic flux, electrolytic voltage and rotational speed.
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Figure 6.6 Fuzzy logic operators alongwith membership plot and FIS variables
6.4 Magnetic Field and Electrolytic Voltage Results
In this section experimental results based on eletrochemo-magneto AFM process have been explained in detail. The table 6.6 and 6.7 gives the values of parameters and their levels and corresponding output response corresponding to magnetic, electrochemical voltage and rod size respectively.
[bookmark: _Toc394412311]Table 6.6 Parameters and their level values
	Symbol
	Process Parameters
	Unit
	Level 1
	Level 2
	Level 3

	MV
	Magnetic Voltage
	V
	50
	125
	200

	ER
	ECM Rod size
	mm
	4
	6
	8

	EV
	ECM Voltage
	V
	6
	12
	18



[bookmark: _Toc394412312]The orthogonal array L9 table is given below as in table 6.7.
Table 6.7 The L9 (34) OA parameters and response
	Exp no.
	Run order
	Parameter conditions
	Response output

	
	
	MV
	ER
	EV
	R1
	R2
	R3

	
	
	1
	2
	3
	
	
	

	1
	1
	1(50)
	1(4)
	1(6)
	0.17
	0.18
	0.17

	2
	4
	1(50)
	2(6)
	2(12)
	2.44
	1.94
	1.77

	3
	7
	1(50)
	3(8)
	3(18)
	3.33
	3.67
	4.54

	4
	5
	2(125)
	1(4)
	2(12)
	0.45
	0.54
	0.26

	5
	8
	2(125)
	2(6)
	3(18)
	2.9
	2.77
	2.53

	6
	2
	2(125)
	3(8)
	1(6)
	1.36
	1.81
	1.49

	7
	9
	3(200)
	1(4)
	3(18)
	0.65
	0.71
	0.63

	8
	3
	3(200)
	2(6)
	1(6)
	1.39
	1.46
	1.53

	9
	6
	3(200)
	3(8)
	2(12)
	5
	6.57
	6.96




6.4.1 Procedure of Experimental Work
Firstly, we fill the media into one of the cylinders of the two way AFM. Placing the workpiece between the two-piece fixture, we fix both the fixtures on the upper and lower jig such that they fit into the groove of the jig. We then fix this jig onto the AFM setup such that the cylinders are in line with the pistons with the help of the nut and bolt provision given. Subsequently, we set the pressure manually by using the handle for both the upper and lower side. After the pressure has been set, we manually operate the pistons with the help of the operating levers in accordance with the number of cycles required. Then electrolytic setup is installed which uses DC transformer in which the alternating current that reverses direction periodically is converted into direct current flowing in only one direction using rectifier device. In motor generated set the AC motor shaft is coupled to DC generator. The multi phase alternating current is produced in armature windings, commutator on the armature converts it into direct output current. A transformer contains two magnetically coupled windings, the primary winding is driven by input AC supply, while the secondary winding give supply to AC-DC converter.  After the machining is done, we unclamp and dismantle the fixture. We then remove the workpiece, clean it with cloth and in a toluene bath and the surface roughness and weight is measured. The difference in weight gives us the material removal. Clean setup after experimentation. Tabulate and analyse observations to get results.
fixes into the media cylinder. 

6.4.2 Result Output
The output results in terms of material removal is explained below. In table 4, the three experimental runs of material removal of each workpiece is shown alongwith mean, variance and sum of squares. The L-9 OA is applied to optimise the result in which 9 experiments have been performed using different combination of 3 input parameters. The main effects of S/N ration i.e. SN ratio alongwith levels and iterations is shown in table 6.9. The three input variables are magnetic voltage, ECM voltage and rod size.
Table 6.8 Mean and variance of output results
	S.No.
	R-1
	R-2
	R-3
	Mean
	Variance
	Sum of Squares 
of Reciprocals

	1
	0.17
	0.18
	0.17
	0.173
	3.33E-05
	33.356

	2
	2.44
	1.94
	1.77
	2.05
	0.121
	0.250

	3
	3.33
	3.67
	4.54
	3.846
	0.389
	0.070

	4
	0.45
	0.54
	0.26
	0.416
	0.020
	7.720

	5
	2.9
	2.77
	2.53
	2.733
	0.035
	0.135

	6
	1.36
	1.81
	1.49
	1.553
	0.053
	0.432

	7
	0.65
	0.71
	0.63
	0.663
	0.001
	2.290

	8
	1.39
	1.46
	1.53
	1.46
	0.004
	0.471

	9
	5
	6.57
	6.96
	6.176
	1.076
	0.027

	Sum
	17.69
	19.65
	19.88
	
	
	

	Total Sum (T)
	
	57.22
	
	
	
	

	Average
	
	2.1193
	
	
	
	



It has been shown that the combined effect of magnetic field and electrolytic field increase the material removal and hence these magnetic and electric lines of forces result in increased velocity of impact of abrasive particles onto the internal walls of worpiece.
Table 6.9 S/N ratio table for response output
	Level
	Magnet
	ECM Rod
	ECM volt

	L1
	0.753
	-9.235
	-2.773

	L2
	1.153
	5.987
	4.222

	L3
	5.068
	10.223
	5.527

	L2-L1
	0.399
	15.223
	6.995

	L3-L2
	3.915
	4.236
	1.305

	Difference
	3.516
	-10.987
	-5.690



Both the response tables i.e. for S/N ratio and for raw data have found to be significant. All the parameters are found suitable according to their given levels and their values. Hence the optimized results are found correct according to the given conditions. The ANOVA raw data data is given in table 6.10.
Table 6.10 ANOVA Raw Data
	Source
	SS
	DOF
	V
	P
	F-Ratio
	F-Ratio
	Pooling

	Magnet
	6.592
	2
	3.296
	7.198
	4.223
	19
	No (Significant)

	ECM rod
	53.305
	2
	26.652
	58.211
	34.147
	19
	No (Significant)

	ECM volt
	16.063
	2
	8.031
	17.542
	10.29
	19
	No (Significant)

	Error
	15.61
	20
	0.78
	17.046
	
	
	

	T
	91.571
	26
	
	100
	
	
	



6.4.3 Introduction to RSM
Response Surface Methodology (RSM) is amalgamation of statistical methods in which desired values are to be controlled. Here we forecast the properties of product, find out the factor level, relationships between variables and designation of individual and combined effect of input variables is done.
6.4.3.1 Procedure of RSM
It starts with problem recognition, objective formulation, definition of response characteristics and factors related. Then levels are selected, analysed using ANOVA and regression model is formulated and then optimization is done using central composite design (CCD). Optimal factor levels are identified and then experiments are performed. We find the optimum spot where response is maximised or minimised. 
Table 6.11 Input variables
	Type
of media
	Pressure
(bar)
	Volume
of media
	Number
of cycle

	 1
	10
	175
	4

	2
	15
	200
	6

	3
	20
	225
	8

	4
	25
	250
	10

	5
	30
	275
	12


The two models used are screening response and steepest ascent model. The steepest ascent model tells where to take new experiments and the response at those points are noted. It is a second order model that includes linear, cross product terms and second order term. The linear terms have one subscript and quadratic have two subscripts. There are k*(k-1)/2 interaction terms. The second order model is the base of response surface methodology. First of all, the values of parameters to be set are decided, based on their availability on the machine setup. Then experimentation is performed according to the design table. The table 6.11 shows the different input variables and their five levels and different factor values have been given in table 6.12.
Table 6.12 Values of factors and different points of cube
	Readings
	Factors
	Replicas
	Runs
	Base blocks
	Blocks
	Cube points
	Center points
	Axial points
	Center points (axial)

	Value
	4
	1
	30
	1
	1
	8
	6
	6
	0



The design was set and graphs were obtained between different values as shown in table 6.13.
Table 6.13 Design table in terms of actual factors
	Run
	Type of media
	Pressure
	No. of cycle
	Volume of media
	Material removal

	1
	4
	25
	6
	200
	1.9543

	2
	3
	20
	8
	225
	2.6532

	3
	4
	15
	10
	200
	1.5329

	4
	2
	25
	10
	200
	1.3932

	5
	1
	20
	8
	225
	0.8032

	6
	4
	15
	6
	200
	1.8578

	7
	3
	10
	8
	225
	0.7593

	8
	3
	30
	8
	225
	0.8029

	9
	4
	25
	10
	200
	2.2076

	10
	2
	25
	6
	250
	1.1029

	11
	2
	25
	6
	200
	1.4191

	12
	3
	20
	4
	225
	1.1529

	13
	4
	25
	6
	250
	0.9043

	14
	4
	15
	10
	250
	1.2866

	15
	2
	15
	6
	200
	2.0546

	16
	3
	20
	12
	225
	1.2874

	17
	2
	15
	10
	250
	0.8031

	18
	3
	20
	8
	225
	2.0021

	19
	4
	25
	10
	250
	0.9041

	20
	3
	20
	8
	225
	2.5234

	21
	3
	20
	8
	225
	2.2872

	22
	3
	20
	8
	275
	2.3987

	23
	2
	15
	6
	250
	0.8155

	24
	2
	25
	10
	250
	1.1027

	25
	5
	20
	8
	225
	1.2874

	26
	3
	20
	8
	175
	2.0832

	27
	2
	15
	10
	200
	1.0571

	28
	3
	20
	8
	225
	2.7352

	29
	3
	20
	8
	225
	2.5229

	30
	4
	15
	6
	250
	1.2876


The table 6.14 gives values of static control terms.
Table 6.14 Statics control terminology
	Readings 
	Std. Dev.
	Mean
	CV%
	Press
	R-Sq
	Adj R-Sq
	Pred R-Sq
	Adeq R-Sq

	Value
	0.36
	1.57
	22.74
	9.40
	0.8814
	0.6934
	0.2163
	7.458



6.4.4 Effect of Electrolytic Force and Magnetic Assisted AFM on MR
The voltage supplied to the anode and cathode is in the range 6-18 V, and it affects MR during AFM process. The conventional AFM is made hybrid with the help of attachment of electrochemical electrodes and prepared electrolyte. For electrochemical action to occur, both anode (workpiece) and tool (ECM rod) must be conducting in nature and flow of current should be easy through the prepared electrolyte.
6.4.4.1 Effect of ECM Voltage and Rod Size on MR
The analysis of the effect of ECM rod and supplied voltage on material removal is done in an exhaustive manner in MiniTab software so that accurate result can be obtained and these results are compared with the actual values obtained after performing a large number of experiments on the prepared hybrid magnetic force assisted electrochemical abrasive flow finishing machine supporting in-house manufactured nylon fixture. The proper validation has been done for both experimental and analytical output results; so that we can obtain best optimized result i.e. higher material removal and lower surface roughness value. A number of analytical methods were applied so that the complete overview of the various input parameters’ effect on output responses can be understood, that included surface plot, interval plot, fitting line plot, pareto chart, contour plot. The detailed graphs and output results are discussed in the coming explanation.  
6.4.4.2 Response Surface Methodology Results
The response surface methodology (RSM) technique is the optimization software employed in order to get best optimized results as shown in figure 6.7. The material removal is affected by both ECM rod size as well as supplied voltage. The different ECM voltage i.e. 5, 10, 15 V are shown one axis, rod size i.e. 4, 5, 6 mm are shown on another axis while the output response i.e. MR (gm) are clearly depicted in figure 6.7. If we increase supplied voltage the material removal decreases and if the large sized rod is taken, it resulted in lesser removal of material. This is due to the reason that the electrochemical generally works best if there is minimum gap.
(a) 						(b)
[image: C:\Users\Satvir singh\Desktop\123.png] [image: C:\Users\Satvir singh\Desktop\1.png]
Figure 6.7 surface plot of MR vs (a) ECM voltage and (b) magnetic voltage
6.4.4.3 ANOVA Output and Fitted Line Plot Analysis
In the interval plot explained in figure 6.8(a) , the 3 intervals of rod size taken at 4, 5, 6 mm, the MR results obtained are about 0.17 gm at 4 and 5 mm rod size while 0.125 gm at 6 mm rod size. In the pooled analyses of variance, 95 % confidence interval is taken for the mean and standard deviation was used to calculate intervals.

[image: ][image: ]
Figure 6.8(a) ANOVA interval plot of MR vs rode size, (b) ANOVA interval plot of MR vs voltage

The 0.175 gm, 0.17 gm and 0.118 gm material removal was obtained at the input supplied electrochemical voltage of 6, 12 and 18 V respectively. The another method of analysis of the effect of input parameters on the output results is the technique of  fitted line having scattered points on the graphic line obtained and the points are above, on or below the line at the pre-decided three levels of the input parameter taken at the x-axis. 
(a)                                                                                (b)
[image: ][image: ]
Figure 6.9 Fitted line plot of (a) MR vs rod size, (b) MR vs ECM voltage  
If the rod size is increased from 4 to 6 mm, then the material removal gradually decreases from about 0.167 gm to 0.135 gm and standard value ranges from 0.2397-0.01794 gm for rod size. The S value is 0.0653963, R-Sq is 5.4 % and R-Sq (adj) is 0.0 %. In case of supplied ECM voltage the fitted line plot is explained in figure 6.9, where material removal decreases from 0.175 gm to 0.12 gm as we increase voltage from 6 to 18 V.  The standard MR values ranges from 0.2021 to 0.004157 gm for ECM voltage parameter, the S value is 0.0683666, the R-Sq is 11.2 % and R-Sq (adj) is 3.1 % in this case.

6.3 Pareto and Contour Chart Detailed Explanation
In figure 6.10(a), the Pareto chart analysis of the effect of input parameters i.e. ECM voltage and ECM rod size on the output response i.e. MR (gm) is done.
(a)                                                                                              (b) 
[image: ][image: ]
Figure 6.10(a) Pareto Chart of standardized effects, (b) Contour plot of MR vs rod size and voltage
The value of sensitivity α is 0.05, A is ECM voltage while B is rod size and the terms A, B, AA, BB, AB values are 1.0, 0.8, 0.4, 0.39 and 0.07 respectively, these standard effect values ranges from 0 to 2.5 and the dashed vertical line is shown at the standardized effect value of 2.365. 
The contour plot of MR vs rod size, ECM voltage is shown in figure 6.10(b) where voltage is taken at x-axis and rod size at y-axis and the output response are shown in terms of curves that are viewed moving away from the origin. If the MR values less than 0.1 it is lightest green in colour at the outermost distance from the origin. 

(a) 						(b)
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Figure 6.11 (a) pareto chart of standardized effects, (b) interaction plot for material removal
If the value ranges between 0.1-0.12, 0.12-0.14, 0.14-0.16, 0.16-0.18, the colour becomes dark green which indicates that more material removal occurs as we go towards the origin, if MR is greater than 0.18, the black shaded region enclosing the origin is shown in the contour plot. The interaction plot is as shown in figure 6.11(b).
6.5 Experimental Results Based on Taguchi Analysis
This involves making the table for 9 workpieces and their corresponding observations. A 3-level table was made of the L-9 type for the parameters, pressure, passes and abrasive to media ratio. Table 6.15 shows larger is better and response table for means results.
Table 6.15 Taguchi Analysis: MRR versus pressure, no. of cycles, abrasive media
	Larger is better

	Level
	Pressure
	Cycles
	Abrasive media

	1
	7.44
	7.94
	7.90

	2
	8.06
	8.62
	7.95

	3
	8.51
	7.45
	0.26

	Delta
	1.06
	1.16
	0.26

	Rank
	2
	1
	3

	Response Table for Means

	1
	2.36
	2.50
	2.50

	2
	2.53
	2.70
	2.50

	3
	2.66
	2.36
	2.56

	Delta
	0.30
	0.33
	0.06

	Rank
	2
	1
	3



In figure 6.12(a) the effect of pressure, number of cycles and media on MRR is shown and in figure 6.12(b) S/N ratio effect is depicted. Smaller is better effect of roughness on different parameters is given in table 6.16.

(a)                                                                    (b)
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Figure 6.12(a) Effect of different parameters on MRR, (b) Plot for the S/N ratio of MRR

Table 6.16 Taguchi analysis: surface roughness versus pressure, no. of cycles, media

	Smaller is better

	Level
	Pressure
	No of cycles
	Abrasive media

	1
	18.20
	6.31
	10.94

	2
	7.24
	11.20
	10.73

	3
	3.32
	11.25
	7.09

	Delta
	14.89
	4.94
	3.85

	Rank
	1
	2
	3



In figure 6.13 (a) and (b) the effect of process parameters on Ra mean value and SN ratio effect is shown respectively.
(a)                                                                          (b)
                 
[image: ][image: ]
Figure 6.13(a) Plot for different process parameters effect on the mean Ra, (b) Plot for different process parameters effect on the SN Ratio of Ra
6.6.  Experimental Results Based on ANOVA Analysis
ANOVA (Analysis of Variance) is a simulation platform that allows one to carefully give the process parameters effect on response values and also the mean and variance values can be achieved with ease. All the input parameters were: pressure, number of cycles and abrasive to media ratio, the corresponding response values include: material removal and surface finish. The graphs of MR and Ra against parameters based on ANOVA analysis are shown in figure 6.14 and 6.15 respectively.
(a)                                       (b)                                                 (c)
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Figure 6.14(a) One-way ANOVA: MRR versus (a) Pressure, (b) No. of Cycles, (c) media


[image: ][image: ][image: ]
Figure 6.15(a) One-way ANOVA: Ra versus (a) pressure, (b) no. of cycles, (c) media

[bookmark: _Toc394412314]It can be seen from the figure 6.16 that as cycles are increased initially the material removal increases but after level 2 as the number of cycle increased material removal decreases 
[bookmark: _Toc394412289]Figure 6.16(a) Effect of (a) cycles, (b) pressure, (c) CNTs on S/N ratio 
This is because abrasive particles became dull after level 2 and material removal was low. CNT particles are harder as compare to the aluminium oxide. CNT has very sharp cutting edges. Table 6.17 and 6.18 gives pooled ANOVA raw and SN ratio data based on MR respectively.
[bookmark: _Toc394412315][bookmark: _Toc394324531][bookmark: _Toc394324683][bookmark: _Toc394324740]Table 6.17 Pooled ANOVA (Raw Data) (MR)


[bookmark: _MON_1466709118][bookmark: _Toc394412316]Table 6.18 Pooled ANOVA (S/N Data) 
So when the extrusion pressure is applied it easily cuts the peak of the roughness and causes more MR. But when surface gets smooth, after that it will cause low material removal. The average values of percentage improvement in surface roughness and S/N ratio for each parameter at Level L1, L2 and L3 are calculated and given in table 6.19. 
[bookmark: _MON_1466709239][bookmark: _Toc394412317]Table 6.19 Average values and main effects: % improvement in Ra

6.7 Experimental Results to Study the Effect of Magnetic Field
From the bar diagram (figure 6.18) it is observed that MRR increases with increasing pressure and the increase is more in transition from level-1 to level-2 than in level-2 to level -3 i.e. MRR increases with decreasing slope. Magnetic flux is the most dominant among the three variables. Increasing magnetic field intensity increases the MRR significantly. Applying magnetic field increase the normal cutting force on the ferromagnetic grains. The MRR increases with increasing pressure and the increase in MRR decreases continuously. The main effects of SN ratio and means against parameters based on Ra is shown in figure 6.17 (a) and (b) respectively. Table 6.20 gives values of response for SN ratio and means.
[image: ] [image: ]
Figure 6.17 Surface roughness versus pressure, number of cycle, magnetic field strength (a) SN ratio, (b) means
Table 6.20 Response table for SN ratio and means
	Response Table for Signal to Noise Ratios

	level
	pressure
	cycles
	Magnetic flux

	1.
	-26.33
	-22.21
	-29.26

	2.
	-20.68
	-25.79
	-16.69

	3.
	-26.17
	-25.0
	-24.02

	DELTA
	5.66
	3.58
	12.57

	RANK
	2
	3
	1

	Response Table for Means

	level
	pressure
	cycles
	Magnetic field

	1.
	15.073
	18.680
	29.083

	2.
	15.157
	13.730
	5.927

	3.
	21.020
	18.840
	16.240

	DELTA
	5.947
	5.110
	23.157

	RANK
	2
	3
	1



                       (a)                                           (b)                                                (c)
  
         Figure 6.18 (a) Graph is plotted keeping magnetic field and number of cycles at level 2, (b) magnetic field and pressure at level 2, (c) pressure and number of cycles at level 2
The MRR increases with increasing no. of cycles and the increase in MRR is almost constant. This is because as the number of cycles increases the abrasive grains perform more cutting and hence further material removal occurs. For maximum improvement in surface finish, the pressure should be kept low, number of cycles should be moderate and the magnetic field strength should be kept low. For the following values of independent variables maximum improvement in surface finish is observed. 
6.7.1 Material removal (MR)
The optimum MR mean is calculated as in eq. (2)
μ = 2 2 +3  -2 					       (2)
= mean (overall) = 5.04 mg 
2 = second level of no. of cycle MR = 6.19mg 
2 = second level of Pressure MR = 6.16mg 
3 = third CNT level MR = 6.11 mg
Substituting these values, Mean MR = 8.38 mg 
The confidence interval of confirmation experiments (ci) is found by eq. (3)
  								       (3)
where
Fe = DOF = 20 
r = size of sample = 3
ve = variance value = 0.74 
 
CICE = ± 1.24
CIPOP = ± 0.67
6.7.2 Confirmation Experiments 
            To obtain maximum MR, the optimum process parameters levels of are N2P2C3,whereas for the maximum % improvement surface roughness the optimal parameters settings are N3P1C3. The optimum response values based on confirmation experiments is given in table 6.21.
 P1 = Extrusion Pressure at first level =13 MPa
P2 = Extrusion Pressure at second level =23 MPa
N2 = first level extrusion cycles =6
N3 = first level extrusion cycles =8
Table 6.21 Optimum values, ci and confirmation experiments
	Output Response 
	Optimum value 
	Predicted Value
	CI 95%
	Confirmation Exp

	MR
	N2P2C3
	8.38mg
	CICE     7.26:<MR<9.50
CIPOP:7.71<MR<9.05
	8.7 mg

	%Improvement
∆Ra
	N3P1C3
	28.51 %
	CICE:26.67<%ΔRa<30.35
CIPOP:27.3<%ΔRa<29.72
	29.40%



6.8 Surface Roughness Calculation
The abrasive flow machining was done on brass workpieces, initial weight and roughness and final was measured and the material removal and roughness improvement was analysed. Measurement involved assigning quantitative values to the parameters of weight and surface roughness of all the 130 pieces procured as explained earlier. The measurements will be later used for the sampling process. Figure 6.19 to 6.23 represents profile curve, R and W motifs, Rk, distance and step height measurements respectively.
[image: ]
Figure 6.19 Profile curve
The surface roughness of workpiece is measured  in which small diamond knobe  is made to pass through the hollow workpiece and made to touch the surface at different point both along its length as well as its diametral periphery. In figure 6.19 the profile curve has been obtained. The roughness value varies from -9 µm to 13 µm in the vertical direction whereas it varies from 0 to 3.8 mm on horizontal  axis.  
[image: ]
Figure 6.20 R and  W motifs
R and W motifs is a portion of primary profile between highest points of two local peaks. In figure 6.20 this difference or the value of motifs is = 13.5-(-7)  = 20.5 mm. 
[image: ]
Figure 6.21 Rk calculation profiles
[image: ]
Figure 6.22 Distance measurement
[image: ]
                                               Figure 6.23 Step height measurement
(a)                                                                             (b)
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                                        (c)                                                                              (d)
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Figure 6.24 (a) Abbot firestone curve, (b) Interactive abbot curve, (c) Fractal analysis, (d) R and  W motifs
The stylus Rk parameter is derived from bearing ratio curve. It is the reduced peak height along (x,y) calculated from measurement of peak height above the roughness value. In figure 6.21, the curve generated varies along  x-axis having value ranging from 0.8 to 3.2 mm whereas its y component holds negative value throughout ranging from minimum 0 µm to -5.9 µm. As it is clear from the figure 6.22 showing distance measurement plot having two vertical interfaces at 1.6 and 2.4 mm. The horizontal distance 0.8 mm whereas vertical distance is 4.67 µm. The curve obtained has x-axis value ranging from 0 to 3.8 mm and vertical value ranging from minimum value of -8 µm to 11 µm.  The step height measurement has been done to get accurate surface integrity values of the inner walls of the workpiece. As clear from figure 6.23 the constant parameters taken are maximum depth, mean depth and width at five different locations. It has been obtained by the method of chromatic confocal that measure step height from 60 nm to 20 mm. The depth can be measured with range greater than 7 µm. The main concentration area lies between 1.9 mm to 3 mm. The minimum and maximum depth is 5.85 µm and 14.5 µm respectively whereas minimum and maximum width is 0.036 mm and 1.09 mm respectively. In figure 6.24 (a), (b), (c), (d) abbot firestone curve, interactive abbot curve, fractal analysis, R and  W motifs curves are shown respectively.
6.9 GRA and MPCI Output Results
	In this section the results in terms of MR and Ra and the ranking of input parameters combination based on the best results is done according to fuzzy logic MPCI and GRA concepts. In table 6.22 the ranking is done based on MPCI technique and the input parameters taken are (a) MV, EV, RS, (b) MS, EP, RS, (c) EP, NC, WT, (d) AT, AM, AR, (e) EV, ER, ES respectively. The parameters details are given in table 6.27.
Table 6.22 Output results corresponding different parameters combination
	MV, EV and RS

	Ra
	Normalised
	MR
	Normalised
	MPCI
	Rank

	20.37
	0.09
	4.2
	0.00
	0.06658
	9

	16.4
	0.00
	10.8
	0.43
	0.25
	8

	50.8
	0.75
	12.4
	0.53
	0.55
	3

	30.3
	0.30
	14.4
	0.66
	0.4271
	6

	38.1
	0.47
	19.6
	1.00
	0.65
	1

	62.4
	1.00
	10.2
	0.39
	0.6415
	2

	36.5
	0.44
	7.2
	0.19
	0.315
	7

	50.4
	0.74
	8.2
	0.26
	0.45
	5

	53.9
	0.82
	9.8
	0.36
	0.5484
	4

	MS, EP and RS

	8.37
	0.07
	3.7
	0.00
	0.0655
	9

	6.8
	0.00
	6.5
	0.45
	0.25
	8

	23.1
	0.74
	6.9
	0.52
	0.5443
	2

	11.33
	0.21
	8.1
	0.71
	0.4157
	6

	12.45
	0.26
	9.9
	1.00
	0.5557
	1

	16.1
	0.42
	6.5
	0.45
	0.45
	4

	28.89
	1.00
	4.7
	0.16
	0.4958
	3

	15.09
	0.38
	5
	0.21
	0.3181
	7

	22.19
	0.70
	5.5
	0.29
	0.445
	5

	EP (1), NC (2) and WT (3)

	23.4
	0.70
	4.1
	0.28
	0.4403
	6

	16.9
	0.41
	4.13
	0.29
	0.3729
	7

	29.9
	1.00
	3.16
	0.14
	0.4819
	4

	17.01
	0.41
	5.14
	0.44
	0.45
	5

	13.69
	0.26
	8.95
	1.00
	0.5557
	2

	12.98
	0.23
	7.93
	0.85
	0.4955
	3

	24.91
	0.77
	6.01
	0.57
	0.5613
	1

	7.9
	0.00
	5.19
	0.44
	0.25
	8

	9.99
	0.10
	2.19
	0.00
	0.06718
	9

	AT (1), AM(2) and AR (3)

	23.01
	0.716
	4.1
	0.28
	0.4482
	6

	15.4
	0.355
	4.13
	0.29
	0.3496
	7

	29
	1
	3.16
	0.14
	0.4819
	3

	17.8
	0.469
	5.14
	0.44
	0.45
	5

	13.33
	0.257
	8.95
	1.00
	0.554
	1

	12.1
	0.199
	7.93
	0.85
	0.479
	4

	24
	0.763
	6.01
	0.57
	0.5
	2

	7.9
	0
	5.19
	0.44
	0.25
	8

	9.9
	0.094
	2.19
	0.00
	0.067
	9

	EV (1), ER (2) and ES (2)

	10.37
	0.068
	4.1
	0.28
	0.1989
	9

	8.8
	0
	4.13
	0.29
	0.2037
	8

	25.7
	0.7322
	3.16
	0.14
	0.3779
	5

	14.43
	0.244
	5.14
	0.44
	0.3466
	6

	15.57
	0.2933
	8.95
	1.00
	0.5748
	3

	19.02
	0.443
	7.93
	0.85
	0.6109
	2

	31.88
	1
	6.01
	0.57
	0.65
	1

	18.09
	0.4025
	5.19
	0.44
	0.45
	4

	25.2
	0.7106
	2.19
	0.00
	0.3274
	7

	MT (1), MV (2) and ET(3)

	9.11
	0.10
	2.2
	0.00
	0.06718
	9

	7.01
	0.00
	5.2
	0.51
	0.25
	8

	24.17
	0.78
	6
	0.65
	0.6135
	1

	12
	0.23
	7.04
	0.82
	0.4756
	6

	13.47
	0.29
	8.09
	1.00
	0.5729
	2

	17.9
	0.49
	5.99
	0.64
	0.4819
	5

	29.1
	1.00
	3.79
	0.27
	0.5613
	3

	16.9
	0.45
	4.04
	0.31
	0.385
	7

	23.2
	0.73
	4.9
	0.46
	0.5387
	4


The figure 6.25 shows the matlab fuzzy logic operator details.
[image: C:\Users\Malik\Desktop\1234.PNG][image: C:\Users\Malik\Desktop\123.PNG]
Figure 6.25(a) MPCI fuzzy controller, (b) scope display
In table 6.23 different parameters combination based results are tabulated and their deviation and GRC values are shown for both Ra and MR. Here grey relational analysis optimization is done to get best output response.
Table 6.23 GRC based output results corresponding different combination of parameters
	MV, EV and RS

	Ra
	Normalised
	Deviation
	GRC
	MR
	Normalised
	Deviation
	GRC

	20.37
	0.09
	0.81
	0.3817
	4.2
	0.00
	1.00
	0.3333

	16.4
	0.00
	1.00
	0.3333
	10.8
	0.43
	0.57
	0.4673

	50.8
	0.75
	0.25
	0.6666
	12.4
	0.53
	0.47
	0.5155

	30.3
	0.30
	0.70
	0.4166
	14.4
	0.66
	0.34
	0.5952

	38.1
	0.47
	0.53
	0.4854
	19.6
	1.00
	0.00
	1.0000

	62.4
	1.00
	0.00
	1.0000
	10.2
	0.39
	0.61
	0.4505

	36.5
	0.44
	0.56
	0.4717
	7.2
	0.19
	0.81
	0.3817

	50.4
	0.74
	0.36
	0.5814
	8.2
	0.26
	0.74
	0.4032

	53.9
	0.82
	0.28
	0.6410
	9.8
	0.36
	0.64
	0.4386

	MV, EV and RS

	8.37
	0.07
	0.93
	0.347
	3.7
	0.00
	1.00
	0.333

	6.8
	0.00
	1.00
	0.333
	6.5
	0.45
	0.55
	0.476

	23.1
	0.74
	0.26
	0.658
	6.9
	0.52
	0.48
	0.510

	11.33
	0.21
	0.79
	0.388
	8.1
	0.71
	0.29
	0.633

	12.45
	0.26
	0.74
	0.403
	9.9
	1.00
	0.00
	1.000

	16.1
	0.42
	0.58
	0.463
	6.5
	0.45
	0.55
	0.476

	28.89
	1.00
	0.00
	1.000
	4.7
	0.16
	0.84
	0.373

	15.09
	0.38
	0.62
	0.446
	5
	0.21
	0.79
	0.388

	22.19
	0.70
	0.30
	0.625
	5.5
	0.29
	0.71
	0.413

	MV, EV and RS

	23.4
	0.70
	0.30
	0.625
	4.1
	0.28
	0.72
	0.409

	16.9
	0.41
	0.59
	0.458
	4.13
	0.29
	0.71
	0.413

	29.9
	1.00
	0.00
	1
	3.16
	0.14
	0.86
	0.367

	17.01
	0.41
	0.59
	0.458
	5.14
	0.44
	0.56
	0.471

	13.69
	0.26
	0.74
	0.403
	8.95
	1.00
	0.00
	1

	12.98
	0.23
	0.77
	0.393
	7.93
	0.85
	0.15
	0.769

	24.91
	0.77
	0.23
	0.684
	6.01
	0.57
	0.43
	0.537

	7.9
	0.00
	1.00
	0.333
	5.19
	0.44
	0.56
	0.471

	9.99
	0.10
	0.90
	0.357
	2.19
	0.00
	1.00
	0.333

	MV, EV and RS

	23.01
	0.72
	0.28
	0.641
	4.1
	0.28
	0.72
	0.409

	15.4
	0.36
	0.64
	0.438
	4.13
	0.29
	0.71
	0.413

	29
	1
	0
	1
	3.16
	0.14
	0.86
	0.367

	17.8
	0.47
	0.53
	0.485
	5.14
	0.44
	0.56
	0.471

	13.33
	0.26
	0.74
	0.403
	8.95
	1.00
	0.00
	1

	12.1
	0.19
	0.81
	0.381
	7.93
	0.85
	0.15
	0.769

	24
	0.76
	0.34
	0.595
	6.01
	0.57
	0.43
	0.537

	7.9
	0
	1
	0.333
	5.19
	0.44
	0.56
	0.471

	9.9
	0.09
	0.91
	0.354
	2.19
	0.00
	1.00
	0.333

	MV, EV and RS

	10.37
	0.06
	0.94
	0.94
	4.1
	0.28
	0.72
	0.409

	8.8
	0
	1
	1
	4.13
	0.29
	0.71
	0.413

	25.7
	0.73
	0.27
	0.27
	3.16
	0.14
	0.86
	0.367

	14.43
	0.24
	0.76
	0.76
	5.14
	0.44
	0.56
	0.471

	15.57
	0.29
	0.71
	0.71
	8.95
	1.00
	0.00
	1

	19.02
	0.44
	0.56
	0.56
	7.93
	0.85
	0.15
	0.769

	31.88
	1
	0
	0
	6.01
	0.57
	0.43
	0.537

	18.09
	0.40
	0.60
	0.6
	5.19
	0.44
	0.56
	0.471

	25.2
	0.71
	0.29
	0.29
	2.19
	0.00
	1.00
	0.333

	MV, EV and RS

	9.11
	0.10
	0.90
	0.357
	2.2
	0.00
	1.00
	0.333

	7.01
	0.00
	1.00
	0.333
	5.2
	0.51
	0.49
	0.505

	24.17
	0.78
	0.32
	0.609
	6
	0.65
	0.35
	0.588

	12
	0.23
	0.77
	0.393
	7.04
	0.82
	0.18
	0.735

	13.47
	0.29
	0.71
	0.413
	8.09
	1.00
	0.00
	1

	17.9
	0.49
	0.51
	0.495
	5.99
	0.64
	0.36
	0.581

	29.1
	1.00
	0.00
	1
	3.79
	0.27
	0.73
	0.406

	16.9
	0.45
	0.55
	0.476
	4.04
	0.31
	0.69
	0.420

	23.2
	0.73
	0.27
	0.649
	4.9
	0.46
	0.54
	0.480


The table 6.24 gives the values of parameters and their levels taken.
Table 6.24. Parameters and their level values
	Symbol
	Process Parameters
	Unit
	Level 1
	Level 2
	Level 3

	MV
	Magnetic Voltage
	V
	50
	125
	200

	ER
	ECM Rod size
	mm
	4
	6
	8

	EV
	ECM Voltage
	V
	6
	12
	18


The figure 6.26 (a), (b), (c) gives the details of time series plot, SN ratio main effects and matrix plot of parameters respectively.
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Figure 6.26(a) Time series, (b) SN ratio data, (c) matrix plot
The orthogonal array L9 table is given below in table 6.25.
Table 6.25 The L9 (34) OA parameters and response
	Exp no.
	Run order
	Parameter conditions
	Response output

	
	
	MV
	ER
	EV
	R1
	R2
	R3

	
	
	1
	2
	3
	
	
	

	1
	1
	1(50)
	1(4)
	1(6)
	0.17
	0.18
	0.17

	2
	4
	1(50)
	2(6)
	2(12)
	2.44
	1.94
	1.77

	3
	7
	1(50)
	3(8)
	3(18)
	3.33
	3.67
	4.54

	4
	5
	2(125)
	1(4)
	2(12)
	0.45
	0.54
	0.26

	5
	8
	2(125)
	2(6)
	3(18)
	2.9
	2.77
	2.53

	6
	2
	2(125)
	3(8)
	1(6)
	1.36
	1.81
	1.49

	7
	9
	3(200)
	1(4)
	3(18)
	0.65
	0.71
	0.63

	8
	3
	3(200)
	2(6)
	1(6)
	1.39
	1.46
	1.53

	9
	6
	3(200)
	3(8)
	2(12)
	5
	6.57
	6.96



In table 6.26 the Ra and MR results corresponding to three input parameters are tabulated.
Table 6.26 Output results corresponding to input parameters
	Variable parameters
	AT (1), AM(2) and AR (3)
	EP (1), NC (2) and WT (3)
	MV (1), EV (2) and RS(3)

	Exp. Run 
	% imp. In Ra
	MR (gm)
	% imp. In Ra
	MR (gm)
	% imp. In Ra
	MR (gm)

	1(111)
	23.01
	4.8
	23.4
	4.1
	20.37
	4.2

	2(122)
	15.4
	4.03
	16.9
	4.13
	16.4
	10.8

	3(133)
	29
	3.86
	29.9
	3.16
	50.8
	12.4

	4(212)
	17.8
	5.64
	17.01
	5.14
	30.3
	14.4

	5(223)
	13.33
	8.19
	13.69
	8.95
	38.1
	19.6

	6(231)
	12.1
	7.14
	12.98
	7.93
	62.4
	10.2

	7(313)
	24
	6.1
	24.91
	6.01
	36.5
	7.2

	8(321)
	7.9
	5.5
	7.9
	5.19
	50.4
	8.2

	9(332)
	9.9
	9.5
	9.99
	2.19
	53.9
	9.8

	Average
	16.93
	6.08
	17.40
	5.2
	39.90
	10.75

	Variable Parameters
	MF (1), RS (2) and EP (3)
	EV (1), ER (2) and ES (2)
	MT (1), MV (2) and ET(3)

	Exp. Run 
	% imp. in Ra
	MR (gm)
	% imp. In Ra
	MR (gm)
	% imp. In Ra
	MR (gm)

	1(111)
	8.37
	3.7
	10.37
	2.1
	9.11
	2.2

	2(122)
	6.8
	6.5
	8.8
	5.4
	7.01
	5.2

	3(133)
	23.1
	6.9
	25.7
	6.2
	24.17
	6

	4(212)
	11.33
	8.1
	14.43
	7.2
	12
	7.04

	5(223)
	12.45
	9.9
	15.57
	8.8
	13.47
	8.09

	6(231)
	16.1
	6.5
	19.02
	5.1
	17.9
	5.99

	7(313)
	28.89
	4.7
	31.88
	3.8
	29.1
	3.79

	8(321)
	15.09
	5
	18.09
	4.1
	16.9
	4.04

	9(332)
	22.19
	5.5
	25.2
	4.9
	23.2
	4.9

	Average
	16.03
	6.31
	18.78
	5.28
	16.98
	5.25



Table 6.26 Input parameters and their levels and units
	S.No.
	Symbol
	Prameters
	Unit
	Level-1
	Level-2
	Level-3

	1
	MF
	Magnetic flux
	Tesla
	0.5
	1.0
	1.5

	2
	RS
	Rotation speed
	RPM
	100
	150
	200

	3
	EP
	Extrusion pressure
	Bar
	15
	30
	45

	4
	EV
	ECM voltage
	V
	6
	12
	18

	5
	ER
	ECM rod size
	mm
	4
	6
	8

	6
	ES
	ECM rod shape
	-
	Round
	Square
	Drill-bit

	7
	MT
	Media type
	-
	Natural
	SBR
	Nitrile

	8
	MV
	Media volume
	cm3
	200
	225
	250

	9
	ET
	Electrolyte
	-
	NaCl
	HNO3
	CaCl2

	10
	AT
	Abrasive type
	-
	Al2O3
	SiC
	Al2O3+SiC

	11
	AM
	Abrasive mesh size
	#
	100
	200
	300

	12
	AR
	Abrasive ratio
	-
	1:2
	1:1
	2:1

	13
	NC
	Number of cycles
	No.’s
	3
	6
	9

	14
	WT
	Workpiece type
	-
	Brass
	Aluminium
	Mild Steel

	15
	MV
	Magnetic voltage
	V
	50
	125
	200





6.10 Characterization of Polymer Media
The prepared media is characterized using fourier transmission infra red microscopy technique alonwith scanning and transmission electron microscope images so as to understand the characteristics of the media and its suitability in AFM process. The TEM, SEM, and FTIR image and graphs are shown in figure 6.27 (a), (b) and (c) respectively. Figure 6.27(a) shows TEM images of iron filed CNTs, taken at 50 nm scale. It is clear from the micrograph that there is negligible amount of impurities such as carbon particles, soot and amorphous carbon, and CNTs seem to be growing at uniform rate. The prepared media resulted in improvement of conductivity upto 35% , hence material removal will be increased. 




(a)    			        (b)   				    (c) 
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Figure 6.27 (a) TEM image of CNTs, (b) SEM image of media, (c) FTIR graph of the media
	FTIR/TGA analysis stands for fourier transform infrared spectroscopy/ thermogravity analysis. As depicted in figure 6.27(c), the FTIR output image results are shown, having transmittance (absorbance) on y-axis and wavenumber (cm-1) on x-axis. 
[image: C:\Users\JAGDAMBE\Desktop\New folder\2.TIF]
                                  Figure 6.28 FTIR image of the developed Nitrile rubber media
The figure 6.28 clearly shows the FTIR image of nitrile polymer media i.e. transmittance vs wavenumber plot. When the prepared sample of polymer media is installed on the FTIR/TGA apparatus, the infrared light falls on sample and the spectrum i.e. transmittance shows fingerprint which gives performance and quality of polymer sample media. As shown in figure 6.27, % transmittance varied from 0 to 100, whereas wavenumber decreased from 4000 to 500. The FTIR image or graph can be understood by dividing the whole region of the graph into different zones. 

6.10.1 X-Ray Diffraction Methods and Images
The X-Ray Diffraction (XRD) method is used for the phase confirmation of the component whose XRD is to be done. In the XRD machine, the light comes from the source, which falls on the component, then ultimately deflects at an angle 2 and ultimately falls on the detector plate. The principle of operation is thermionic emission. In case of crystalline material, good peaks are observed in XRD images as shown in figure 6.29. X-Ray diffraction is used to find density f(r) of electrons where are is position vector 
f(r) = 403.22×10-3 
The length of p is around the circle 2π divided by wavelength. The Bragg formula of diffraction is used so that reflection is indexed with the help of miller indices i.e. reciprocal vector component of lattice. 

(a)                                                                    (b)
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Figure 6.30 X-Ray Diffraction image of  (a) Nitrile Rubber, (b) SBR
6.10.1.1 Explanation of XRD Image Output Results
Basically XRD is used to find the crystal atomic structure with the help of X-Ray beam to diffract into different directions and by measuring the angle we can find 3-D picture of electro density, as shown in figure 6.30. In Brucker XRD machine as shown in figure 6.31, its different components i.e. light source, controller and detector are clearly mentioned. The machine is installed in precision engineering laboratory in an automation environment two quality and process control XRD and X-Ray fluorescence analysis (XRFA). The integration of machine production line is used to effectively optimize the process. Different softwares are used for analysis of these images such as High Score, Origin and Xpertise, etc. Figure 5 shows Bruker X-Ray Diffraction Machine (D-8 Advance). 
6.10.1.2 Procedure of Polymer Media Analysis on Brucker Machine
Thin polymer film is prepared on glass slides and Si/SiO2 substrates by spin coating. Since it is a polymer therefore it has semi-crystalline and amorphous structure, our XRD analysis was used to assess phases i.e. polymorphism and poly types. During AFM process the prepared polymer media was extruded and molded through cylinders and after completion of machining process of inside walls of brass workpiece, the orientation of molecules was analyzed using diffraction technique. The inter space distance is given in equation (1). 
d =    =  = 2.01×10-7 mm 							       (1)
dh,k,l =  = 2.01×10-7 mm
The structure of our in-house prepared polymer media is face centered cubic (FCC) structure, the units cell width and atomic radius relationship is as follows in equation (2).
a = 2r (geometry) 										       (2)
r = 1.28 × 10-7 mm
Therefore a = 3.61 × 10-7 mm
=  
= 
= 1.729 mm
= 3.0
FCC primary diffraction planes are those planes whose indices are all even or all odd (e, o, (111), (200), (220)). If h = k = l = 1, it is close packed plane (CCP) i.e. hexagonal structure. 
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Figure 6.31 Bruker X-Ray Diffraction Machine (D-8 Advance)
6.10.2 Prepared Media FTIR/TGA Image Discussion and Analysis
FTIR/TGA analysis stands for fourier transform infrared spectroscopy/ thermogravity analysis. As depicted in figure 6.29, the FTIR output image results are shown, having transmittance (absorbance) on y-axis and wavenumber (cm-1) on x-axis. The figure 6.29 clearly shows the FTIR image of nitrile polymer media i.e. transmittance vs wavenumber plot. When the prepared sample of polymer media is installed on the FTIR/TGA apparatus, the infrared light falls on sample and the spectrum i.e. transmittance shows fingerprint which gives performance and quality of polymer sample media. As shown in fig.6, % transmittance varied from 0 to 100, whereas wavenumber decreased from 4000 to 500. The FTIR image or graph can be understood by dividing the whole region of the graph into different zones. The left zone has peaks ranging from 3852.8 to 2958.8, but the inter space distance between these peaks is large. The middle zone ranges from value 2922.7 to 1736.6, whereas the right most zone has comparatively large number of peaks having very small interspacing, the value changing from 1639.1 to 911.4, the significance of the different peaks denoting  alcoholic, ether, ketonic groups etc. After thorough analysis it was found that the utilized media was successful in machining implementation and it was observed that it was qualitatively improved media.
Summary
a) The effect of process parameters on output response MR and Ra was analysed.
b) The results of matlab fuzzy logic and grey relational analysis optimization were analysed and compared with those of Taguchi based experimental results.
c) Further characterization of prepared polymer media was done and analysed.















[bookmark: _Toc394412696]CHAPTER 7: CONCLUSIONS AND FUTURE SCOPE OF WORK
This chapter describes the conclusions obtained from the experimental investigation of EMR-AFM process and the mathematical model developed. The output results have been explained in brief and the scope of future work is discussed.
7.1 Conclusions
(1) The electrochemical and electromagnetic setup was employed successfully to make the traditional AFM setup hybrid in nature in order to improve the efficiency of the process. A machine setup alongwith electromagnet, media have been developed and characterized using FTIR and XRD analysis.
(2) The SBR media resulted in maximum material removal during experimentation, i.e., 3.88 mg when input parameters, i.e., electrolytic voltage, number of extrusion cycles and pressure were taken as 18 V, 4 and 10 bar respectively. The NR, NTR and SR media had intermediate effect of material removal but minimum removal of material was achieved in case of PBS media, i.e., 2.39 mg at 6 V voltage, 6 number of cycles and 30 bar pressure.
(3) The material removal was first increased with higher rod size but afterwards its increase was lesser. The surface plots obtained from RSM technique showed that MR obtained was 2.25 mg at 21 bar pressure and 7 number of cycles. As compared to conventional AFM setup, it was found that in EMR-AFM setup, 34.5 % and 17.8 % improvement in % Ra and material removal, respectively, was obtained. It was found that MR was approximately 2.9 mg on an average when machining was done on traditional AFM process, while it increased upto 4.5 mg in prepared hybrid machine setup. 
(4) Both mathematical and computational modeling has been done successfully. The magnetic flux and voltage calculations and electrochemical action has been explained alongwith time derivatives of magnetic field using Maxwell equations. The flux  of magnetic field was found to be 300 G/A, magnetic field equal to 10 Gauss and angular momentum of iron particle due to rotation provided by motor was found to be 0.75 rad/s. 
(5) Analysis of media flow both mathematically by calculating different forces that are shown by drawing a model and by using SolidWorks software, the flow was analysed using computational flow dynamics. 
(6) The different optimization techniques i.e. Taguchi L9 OA, RSM, Minitab fuzzy logic and grey relational analysis were employed and implemented to validate the results obtained from the hybrid machine setup experimentation. The objective of maximum material removal and minimum surface roughness was fulfilled consequently.
(7) The effect of different parameters viz. finishing cycles, different media, etc. on surface roughness improvement have been explained graphically in detail. It was found that 40 % more reduction in surface roughness was achieved in 20 % lesser number of cycles in hybrid EMR-AFM setup. 
(8) Experiments were carried out for evaluating performance of newly developed media(carrier+Al2O3+CNTs) using the double acting, vertical type AFM setup to study its performance in terms of the improvement in material removal and surface finish of “cast iron” work pieces. It has been found that the use of CNTs with media led to an improvement in the response parameter of percentage improvement in surface finish and material removal. 
(9) At selected parameters a maximum improvement of 8.38mg and 28.51% has been observed in the material removal and surface finish on the inner cylindrical surface of the cast iron work piece.
7.2 [bookmark: _Toc394412697]Scope of Future Work
(1) CNTs filled with Fe, Co and Ni which is ferromagnetic in nature can be explored in MAFM for better result.
(2) Results can be analyzed for different industrial material.
(3) The set up can be optimized for many other process parameters like different shapes of work materials, different abrasives, flow rate of media etc.
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