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ABSTRACT 

Materials used in the manufacture of aero-engine components generally comprise of 

nickel and titanium base alloys. These materials offer serious challenges for cutting 

tool materials during machining due to their unique combinations of properties such 

as high temperature strength, hardness, toughness and chemical wear resistance. 

These materials are referred to as difficult-to-cut since they possesses a greater 

challenge to manufacturing engineers due to the high temperatures and stresses 

generated during machining. Therefore, non traditional techniques of machining are 

providing effective solutions to the problems imposed by the increasing demand for 

high strength temperature resistant alloys, the requirement of parts with intricate and 

compacted shapes and materials so hard as to challenge machining by conventional 

methods. Wire Electrical Discharge Machining (WEDM) is a non-conventional 

machine and proved more efficient and economic machining complex and difficult 

profiles in high strength and high heat resisting materials. 

The objective of present research work is to study and optimized the various 

process parameters for different machining characteristics in machining of Nirnonic 

90 on WEDM. Using Response Surface Methodology (RSM), four discharge 

parameters namely peak current (Ip), pulse-on time (Ton), pulse-off time (Toft) and 

servo voltage (SV) are investigated and modelled for three performance 

characteristics namely cutting speed (CS), surface roughness (SR) and radial overcut 

(RoC). In present experimentation, quadratic model is suggested for all three 

performance characteristics. Analysis of Variance (ANOVA) shows that Ip, Ton, Toff 

and SV are significant parameters affecting the CS and SR while Ip, Ton and SV are 

highly significant parameters affecting the RoC. Desirability function is employed to 

optimize the multi.!'performance characteristics. Using SEM micrographs and micro

hardness profile, effect of discharge energy on surface morphology is examined. Trim 

cutting operations are performed after a rough cutting operation with different wire 

offset values for machining of Nimonic-90 with steel alloy, tungsten carbide 

composite and Monel-400 alloy. Results show that surface finish is improved 

significantly after trim cut operation irrespective of rough cutting operation. It is also 

noticed that multi-trim cutting operations are not much effective . 
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Trim cutting operation in WEDM is performed on Nimonic 90. Two machining 

characteristics namely surface roughness (SR) and dimensional shift (Ds) are 

modelled and analysed using RSM in trim cutting operation. Four process parameters 

namely Ton, SV, W d and FR are selected as variable parameters; while other 

parameters are kept fixed at their optimal setting in trim cutting operation. 

Quadratic model is proposed to determine the optimal combination of surface 

roughness and dimensional shift. Using response surface graphs, the developed 

mathematical models are able to explain the effect of variables on performance 

characteristics efficiently. Increasing the value of Ton, W d and FR increases the 

surface roughness and dimensional shift but increases of SV decreases the both 

surface roughness and dimensional shift. 

Using desirability function, a scale free quantity called desirability is obtained 

for two performance characteristics to optimize multi-performance characteristics. 

Corresponds to highest desirability, the optimal combination of discharge parameters 

is Ton I IO µs; SV 40V; Wd 10 µm and FR 2 L/min. Confirmation experiments prove 

the goodness of the proposed models and desirability function. Using SEM 

micrographs, effect of discharge energy on surface morphology is examined. 

Using Al and Si metal powders in dielectric fluid, a remarkable modification is 

obtained for surface textures after trim cut. Using metal powder in dielectric fluid, the 

recast layer becomes smooth and dense and hence micro hardness increases. EDS 

analysis confirmed the presences of Al and Si elements on machined surface after 

trim cut 

Machining of Nimonic-90 with WEDM at optimized setting yields better 

performance and more economic as compared to conventional processes that proves 

the potential of WEDM in aerospace industries. Present research approach is useful 

for achieving high productivity while maintain surface roughness and geometrical 

accuracy within desire limits for machining complex and intricate shapes in hard and 

exotic materials. 

This study is adding an opportunity for future research on powder mixed 

WEDM. In future work, WEDM parameters namely Ton, lp, Toff, SV and WO using 

different concentration of metal powders may be investigated more precisely. 

Detailed investigation using high concentration of different metal powders may be 

carried out to modify the morphology of machined surface. 
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CHAPTER-II 

LITERATURE REVIEW 

2.1 INTRODUCTION 

The investigation of the machining characteristics, such as CS, SR, tool wear, MRR 

and surface integrity, etc. during machining by conventional and non- conventional 

machining of nickel based alloys are carried out by many researchers. These 

investigations are important because nickel based alloys are difficult to machine due 

to rapid work hardening during machining and their high shear strength and low 

thermal conductivity, etc. (Choudhury and El-Baradie 1998; Ezugwu et al. 1998; 

Guo et al. 2009). Surface characteristics of nickel based alloys are investigated using 

different cutting tool inserts, viz., residual stress, micro surface hardness, and 

surface roughness (SR) on the machined surface (Sharman et al. 2006). In order to 

predict the machining characteristics during machining, many researchers modeled 

the machining parameters using Response Surface Methodology (RSM), Gray 

Taguchi Method, Finite Element Method (FEM) based simulation using software 

and Artificial Neural Network (ANN), etc. 

Nickel based alloys are currently being applied in the combustion chamber of 

aircraft engine, because of its unique resistance to thermal fatigue and creep 

characteristics. In order to understand and access the current status of research in the 

machining of Nickel based alloys, a review is done which is as follows: 

2.2 MACHINING OF NICKEL-BASED ALLOYS BY CONVENTIONAL 

MACHINES 

In last five decades, different grades of nickel based alloys are commercially 

available, such as- Inconel, Nimonic, Mone!, Rene, Udimet and Pyromet, etc. These 

alloys may contain the constituents of chromium, titanium, aluminum, molybdenum, 

cobalt and other elements in varying quantity to give their excellent high 

temperature strength and intense toughness which create difficulties during 

machining because of resulting very high cutting forces on tools (Ezugwu et al. 

1998). Aerospace industries are consuming n~arly two third of nickel based alloys 

for manufacturing of aircraft engine parts due to capability to maintain high 
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mechanical and chemical properties at very high temperature (Ezugwu et al. 2005). 

Reliability is an important measure in the manufacturing of aerospace components, 

and hence, these component manufacturers need to keep high quality on a regular 

basis. Machining characteristics of nickel based alloys significantly affect the 

working life of its components. Several attempts have been made to evaluate the 

machining characteristics of nickel based alloys with conventional machining 

methods. Residuals stress profiles on the machined surface developed during the dry 

face turning negatively affect the fatigue life of machine parts (Kortabarria et al. 

2011). 

Choudhury and El-Baradie ( 1998) presented a general review for nickel based 

alloys on their machinability during turning using different cutting tool materials. It 

is observed that nickel based alloys are hard to machine, because of chip 

segmentation resulting in severe tool wear, their rapid work hardening during 

machining, and their strong tendency to form a built-up edge by welding to the tool 

material at high cutting temperatures. 

These alloys show the poor machinability due to high hardness and toughness, 

poor thermal conductivity, corrosion resistance, ability to maintain mechanical and 

thermal shocks, fatigue, creep and erosion at elevated temperature and high strength 

to weight ratio as compared to stain steel alloy. Due to high heat resisting capacity, 

nickel based alloys are very intricate to machine with conventional machining 

processes such as turning, drilling, milling, etc. using ceramic and carbide tools. 

They have an austenitic matrix structure like stainless steel work is to be hardened 

rapidly during machining by cutting tools to contributing to notch wear at the tool 

nose (Choudhury et al. 1998). Presence of hard abrasive carbide in the nickel based 

alloy, cutting tool suffers high abrasive wear resulting high temperature generated at 

the tool tip (Ezugwu et al. 1998). A better understanding of different type of cutting 

tool materials, application of machined components, processing condition and 

machining time are essential for increasing the productivity, reducing manufacturing 

cost, without adverse effect on surface finish, the surface integrity and hardness 

variation of machined components. 

Welding of Nickel alloy on to the cutting tool frequently occurs during 

machining and the poor thermal conductivity of nickel based alloy (about I Sw!mC) 

comparative to conventional machining of cast iron and steels. These properties 

drastically increase in temperature at the cutting edge of tools and work piece during 
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machining. Consequently shorten the tool life. The various experimental and 

theoretical studies show that process characteristics may be improved significantly 

by selection of right tooling, materials and machining parameters (Mandal et al. 

2011). 

During machining of Nickel based alloys by different conventional machining 

processes, cutting tool materials are subjected to extreme mechanical and thermal 

stresses near to the cutting edge during machining resulting plastic deformation and 

accelerated tool wear rate. The cutting tool materials should possess adequate hot 

hardness to withstand a very high temperature due to weakening of inter particles 

bond strength and resulting accelerated the tool wear rate (Hood et al. 2011). The 

nickel based alloys are machined by various tools such as cemented tungsten carbide 

tool, ceramics tool e.g. Alumina and alumina TiC Ceramics, Whisker reinforced 

alumina ceramics and cubic boron nitride. Carbide tools are not withstood to high 

temperature. Better thennal properties and toughness of ceramic materials, which 

enables the tool material to withstand a high temperature and high wear at the 

cutting edge of tool. CBN is one of the hardest materials available after Diamond. It 

retains its hardness up to 340 HV during machining. It is most widely recommended 

for machining lnconel 718 (Ezugwu et al. 2003). 

When machining a Nickel based alloy with profiled super abrasive grinding 

wheels. The tool wear of grinding wheel CBN is lower as compared to diamond 

(D46) grinding wheel at the high rotation speed with lower value of SR (Aspinwall 

et al., 2007). Milling or grinding processes may be used as alternatives for EDM 

process to machine shaped hole in Inconel 718 super heat resistant alloy. The result 

shows that milling process of Inconel 718 can produce shaped hold with an 

acceptable SR and geometrically accuracy _efficient after optimizing the cutting 

condition (Wei, 2002; Ulutan and Ozel, 2011). The roughness of end mill specimens 

achieved up to 0.8 µm when a new tool is to be used. The significant burr increased 

micro hardness and white layer formation when worn tools are used (Soo. et al. 

2011 ). Flank wear of drilling tools is greatly affected the residual stress distribution 

and work piece surface integrity for RR 1000 (Nickel based super alloy) (Kwong et 

al. 2009). The machining parameters such as feed rate, CS, geometry of tool, depth 

of cut, tool materials are greatly affected the tool life and tool wear rate. There is 

main effect of cutting tools edge geometry on surface integrity and tool life in 

turning of Nickel based alloy (Sharman et al. 2004). 
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Ezilarasan et al. (2011) proposed a second order model for generating relation 

between the cutting parameters (CS, depth of cut and feed rate) on the SR during 

machining of Nimonic C-263 by using a PVD coated cemented carbide insert. It is 

found that feed rate is the main process parameters for achieving minimum SR 

followed by CS and depth of cut. SR increases with increase of feed rate and is 

greatly affected by cutting edge angle and nose radius. This material showed the 

tendency to weld with tool material at high temperature. The poor thermal 

conductivity of these alloys result in focus of high temperatures at the tool work 

piece interface because of higher cutting conditions resulting significant reduction in 

the hardness and strength of the cutting tool. This decrease the bonding strength of 

the tool, thereby accelerating tool wear by mechanical abrasion and thermally 

related ( diffusion and plastic deformation) mechanisms. High pressure generation 

and chemical affinity of the tool and work piece material are two main factors which 

are responsible for formation of built up edge (BUE). Work hardening of the work 

piece surface reduces the tool life due to abrasion (Krain et al. 2007). Haynes 282 is 

nickel based super alloy used for high temperature structural application, e.g., casing 

used in gas turbine aero-engine. Tool flank wear was generally uniform at lower 

operating parameters and most of wear took place on tool corner during drilling of 

Hayness 282 by using coated carbide tooling with high pressure (50 Bar) cutting 

fluid (Hood et al.2011). Flank wear is mainly responsible for damaged the machined 

surfaced during drilling of Nickel alloys. For aerospace applications, the post 

processing operations such as mill boring or reaming would be essential to remove 

the re-deposited material and white layer (Popa et al. 20 I 0). A residual stress is 

considering one of important parameter used for determining the quality of 

machined surface. During dry machining, when CS increases up to 60m/min, a very 

high temperature is generated in the primary shear zone. This highly leads to 

decreases the cutting force. SR has a tendency to decrease with increase in CS in dry 

condition (Devillez et al. 201 I). Formation of RCL and extensive material drag 

introduced during abusive mechanical drilling operation of Nickel based super alloy 

RR I 000 due to combinations of high intensity of thermal and mechanical effects, 

i.e., phase transformation from rapid heating and cooling. As a result, very fine grain 

structure of approximately 50 nm is obtained on RCL. The hardness of white layer is 

found 455 higher than base material (Herbert et al. 2012). The high pressure coolant 

supplies approximately 15 MPa during machining oflnconel 718 which gives better 
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performance in terms of tool life and improved cooling and lubrication at the cutting 

interface. High cooling rate improve the tool life, effective chip segmentation and 

offering good lubrication at the tool chip interface. High pressure coolant supplies 

generally improves the SR. Micro hardness of the base material is lower than the 

finished surface (Ezugwu et al. 2005). The new developed materials show excellent 

mechanical and chemical properties at very high temperature. These types of alloys 

are very difficult to machine precisely with conventional machines due to their very 

high resistance and low thermal conductivity. 

2.3 MACHINING OF NICKEL BASED ALLOYS BY NON-
CONVENTIONAL MACHINES (WEDM AND EDM) 

EDM/WEDM is a non-conventional machine and proved more efficient and 

economic for machining complex and difficult profiles in high strength and high 

heat resisting materials. Since the adoption of EDM/WEDM in manufacturing 

industries, many successful attempts have been made in last five decades to improve 

the capability and commercialization of process. Some investigations are carried out 

on machining of nickel alloys with EDM or WEDM and most of these investigations 

evaluated the machining oflnconel grade of nickel alloys (ln-601, In-718, etc.). 

Figure 2.1: Finished Turbine ~l~e V.:ith ED~'~ ~ooling Hol~s and Shaped 
Diffusers (https://commons.w1kimed1a.org/w1ki/F1le:GaTurb1neBlade.svg) 

Various gas turbine components (combustion chambers, blades, bolts, casing, 

shaft exhaust systems, vanes, etc.) are generally manufactured from nickel based 

alloy materials. Figure 2.1 shows finished turbine blade with EDM'd cooling holes 
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and shaped diffusers. Kang et al., (2003) investigated EDM characteristics of Nickel 

based heat resistance alloy Hastelloy-X. Ton was the most important factors that 

affect the surface integrity of the work material. In EDM, discharge energy (DE) is 

greatly affecting the surface integrity of machined surface. With increase of DE 

resulting formation of wider and deeper micro-cracks on the machined surface 

resulting increase of SR along with decrease of fatigue life of components. 

The cracks are observed on the surface grows vertically into the base 

materials. Few cracks are found parallel to machined surface at high discharge 

energy (HDE). Due to ionization of dielectric fluid, carbon reacts with the highly 

reactive titanium, resulting formation of precipitations of titanium carbides in the 

melting zones. As a result significantly increase of micro-hardness of the melting 

zones than the hardness of the unexposed material. The change of microstructure of 

machine surface after EDM may lead to failure of the components. So, surface needs 

to be machined by an additional polishing method such as electro chemical polishing 

(Theisen et al. 2004). Some investigations are conducted to evaluate the effect of 

input process parameters on machining characteristics of WEDM process on 

different materials ranging from simple alloy steel to recently developed composite 

materials (Hascalyk and Caydas, 2004; Delgado et al., 2011). The machining 

parameter Ton is a main factors that affect the surface integrity of the work material, 

while machining of Hastelloy-X with EDM (Kang et al. , 2003). Rajesha et al. 

(2011) reported the machining of EDM of Inconel 718 with hollow tubular copper 

electrodes and investigated the effect of five major parameters namely peak current 

(Ip), duty factor, sensitivity control, gap control and flushing pressure on the 

machining characteristics (MRR, and SR). It is found that most influential factors 

are Ip and duty factor. In WEDM, input parameters may be categorised into three 

major categories - discharge parameters (Ip, Ton, Toff, SV), wire electrode (wire 

material, wire coating, wire diameter, WT, WF rate, etc.) and dielectric conditions 

(dielectric conductivity, flow rate). Discharge parameters affect the heat released 

across the wire electrode and work material and hence affect MRR and surface 

characteristics of work material (Liao and Yu, 2004; Li et al., 2013; Spedding and 

Wang, 1997). Investigations revealed that wire electrode materials must be 

conductive and should have good tensile strength to bear the requisite WT. Coating 

of wire electrode should possess smaJI work function and high melting point to 

sustain high DE (Prohaszka et al., 1997). The combustion chamber consists of an 
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inner copper liner with cooling channels fonned by WEDM and an outer shell of 

electro plated nickel {Figure 2.2}. Hewidy et al. (2005) correlated the various 

WEDM parameters such as Ip, duty factor, Wr, and water pressure with the 

performance outputs namely MRR, wear ratio and SR in WEDM of Inconel 601 . 

Welling (2014) compared the surface integrity and fatigue life of jet engine 

components made of lnconel 718 produced by WEDM and a combined process of 

broaching and grinding. High cycle fatigue test shows the fatigue moment in same 

magnitude for both the broached and WEDMed specimen, but EDMed and 

conventional manufactured parts have different characteristics. The effect of 

voltage, capacitance and magnet polarity on RC- type WEDM ofNdFeB permanent 

magnets are studied by Greer et al. (2014). Both voltage and capacitance affect the 

slicing rate and only voltage affect the kerf, but polarity of the magnet being 

machined does not affect the machining process. 

Figure 2.2 : Cut Section of the Electro Plated Combustion Chamber Wall 

(http://spl.ch/products/index.html) 

Jangra et al. (2011) evaluated the machinability of Tungsten carbide composite 

on WEDM. Factors affecting the machinability are grouped in five broad categories 

_ machine tool, work material, tool electrode, cutting conditions, and geometry to be 

machined. A mathematical model is developed by means of the digraph and matrix 

method for the performance evaluation of carbide compacting die. 
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In WEDM, by using coated brass wire, the thickness of recast layer (RCL) in 

finishing cuts is achieved (approximate 0.6µm) which is acceptable for the majority 

of aero-engine parts (Antar et al. 2011 ). Combination of micro electro discharge 

machining with high frequency dither grinding improves SR of micro hole 

machining of high nickel based alloy. This technique eliminates the micro cracks 

along with reduce SR from 2.12 to 0 .85 µm Rmax (Liu et al. 2005). Ip is a 

important machining parameter which affecting the characteristics of micro holes in 

high nickel alloy in terms of electrode depletion, micro hole expansion and MRR. A 

proper Ip is very important parameter to achieve optimum results. The Taguchi 

method is used to analysis the significance effect of each parameter, i.e., Ip, gap 

voltage, Ton and duty cycle during machining of Inconel 718 using WEDM with a 

copper electrode on machining characteristics such MRR, electrode wear rate and 

radial over cut (RoC) and half taper angle. Ip much affect the MRR and Ton 

significantly affects the electrode wear rate (Ghewade and Nipanikar 2011). The 

discharge parameters of WEDM such as Ton, Toff, SY and Ip, etc. are chosen 

carefully according to the work piece properties to achieve good machining 

characteristics. Liao et al. (2004) introduces a concept of specific discharge energy 

for determining the correlation between process parameters and machining 

characteristics of different materials in WEDM. SDE values of different materials 

are used for determination of the setting of machining parameters for different 

materials. Bhuyan& Yadava (2014) investigated the effect of input process variable 

on MRR and Kerf width during machining of Borosilicate Glass using a hybrid 

machining process "Travelling wire electrochemical spark machining" (TWECSM). 

MRR and Kerf width increase with increase in applied voltage, Ton and electrolyte 

concentration. 

2.4 OPTIMIZATION OF THE MACHINING PARAMETERS IN WEDM 

Multi machining characteristics are contradictory in nature. It is complicated to 

obtain the optimal parameter setting in WEDM. For example, to obtain high MRR, 

requires high DE across the work material and wire electrode. This results in high 

heat generation due to large ionization of the spark gap. But high heat generation 

adversely affects the surface characteristics and dimensional tolerance of the 

machined component. High heat generation causes more melting of work surface 

resulting into large value of dimensional shift (Os) or RoC which further affects the 
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dimensional tolerance of the machined component. These facts build a necessity of 

detailed information of machining parameters setting for each machining 

characteristic for different work materials. So that, for obtaining good surface 

quality and dimensional properties, optimized cutting conditions have to be 

employed and needs a suitable modelling technique for better prediction (Scott et al. 

1991; Yang et al. 2012). The optimization is one of the important activities for the 

economy of manufacture, and to predict the machining characteristics of machining. 

WEDM process parameters of Incoloy 800 super alloy with multiple machining 

characteristics such as MRR, SR and kerf are optimized by using Gray - Taguchi 

method (Kumar et al. 2010). 

Jangra et al. (2012) optimized the multi machining parameters in WEDM of 

Tungsten carbide composite (WC-5.3%Co) using integrated approach of Taguchi, 

GRA and Entropy method. Six input parameters are investigated for three machining 

characteristics namely MRR, SR and RoC. Ramakrishnan and Karunamoorthy 

(2008) developed ANN models to optimize the MRR and SR simultaneously in 

WEDM oflnconel 718. Authors used Taguchi's L9 orthogonal array for conducting 

the experiments. Khanna and Singh (2013) developed a mathematical model for 

cryogenic treated D-3 material by means of RSM and then solved the optimization 

problem by desirability function. Bobbili et al. (2014) carried out a study for 

optimizing the WEDM process parameters viz, Ton, Toff, WF rate, flushing pressure 

and SV for the machining of high strength Armor steel. Taguchi methods are used to 

conducting the experiment and result shows that Ton, Toff and SV are significant 

variables for both MRR and SR. Gupta and Jain (2014) investigated the behavior of 

the micro geometry parameters of miniature spur gears produced by WEDM process 

and optimized the process parameters for minimizing the total profile and 

accumulated pitch deviation using RSM. Sharma et al. (2013) optimized the process 

parameters of WEDM using RSM. Desirability approach is adopted for multi 

response optimization (i.e., CS and dimensional deviation). Ton is the most 

significant factor for multi response optimization, while two way interactions also 

played significant role in the process. The various experimental and theoretical 

studies show that process capability of WEDM is improved significantly by correct 

selection of machining parameters for a given material. 

Previous investigations show that the Ip and Ton are important parameters in 

WEDM which significantly affect MRR and surface characteristics of the machined 
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component. In order to obtain high MRR requires high DE which results in high 
heat generation across the work material and wire electrode. High heat generation 
results into poorer surface integrity including large RCL, HAZ and several micro
cracks due to either re-solidification of melted materials on the machined surface or 
generation of high pressure energy in plasma channel across the electrodes which 
are not flushed quickly out of a narrow spark gap (Li et al. , 2013, Jangra K., 2012, 
Klink et al., 2011 ; Rebelo et al., 1998). The aero-engine parts are failed due to 
presence of surface micro-cracks on the machined surface. During roughing, this is a 
detrimental effect on the fatigue strength. The presence of micro-cracks within RCL 
is accelerating crack initiations growth. After machining with any convention and 
non- conventional machining process, the past machining is essential to improve the 
surface integrity of machined surface components. 

In case of WEDM, multi finishing cuts may significantly improved the fatigue 
life of the aero-engine components through removal of RCL produced during rough 
machining (Antar et al. 2012). But a post process finishing operation, such as 
polishing or etching is required for reducing the detrimental influence of WEDM. 
Surface integrity of a machined component significantly affects its performance 
such as fatigue life and creep properties. It includes residual stresses, RCL, Heat 
effected zone (HAZ) and micro-cracks (Klink et al., 2011 ). 

Trim cutting operation is considered as a most excellent option to remove 
unwanted surface defects for improving the surface integrity of machined surface. A 
proper discharge parameters and WO should be selected carefully (Huang et al., 
1999, Jangra K., 2012; Sarkar et al., 2008; Sanchz et al. , 2007). Till date very 
limited literature is found on trim cutting operation in WEDM. 

2.5 TRIM CUTTING OPERATION IN WEDM 

In trim cutting or finish cutting operation, wire electrode traces back the same path 
followed during rough cut path with certain value of Wire offset (WO) at low DE as 
shown in Figure 2.3. In case of WEDM, several trim cuts passes completely remove 
RCL. It is observed that there are no micro-cracks on the machined surface. The 
occurrence of micro-cracks may causes of reduction of components fatigue life. 
There is no significance change in micro-hardness after trim cuts. The average RCL 
thickness less than 11 µm found and several trim passes showing no apparent RCL 
(Jangra et al. 2015). 
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Aspinwall et al. (2008) employed minimum damage pulse generator 

technology in rough and finishing process of WEDM on Ti-6Al-4V and Inconel 718 

alloys. The average RCL thickness on Inconel 718, after main cut, is found lower 

than the RCL in Ti-6AI-4V. After several trim passes, no RCL or damage was 

apparent. Using Taguchi method, the parameters are optimized for depth of material 

removal and SR in multi pass cutting operation in WEDM machining of WC-5.3% 

Co composite. A single trim cut with low discharge value with optimal WO 

improves SR effectively (Jangra 2015). 

Wire electrode 
Machined surface 
after rough cut 

Machined surface 
after trim cut 

l 1 
LJ wl-· -----7- - . ·.) 

;r-, ____ =u.;--¢- ,1, / . ·····. . ~: :.f ~ C •••• ./··········c········ .... ····················-··· ~::ri,I 

Wire path in trim cut Wire path in rough 

D: wire diameter; WO: wire offset; Wf wire depth; Ds: dimensional shift 

Figure 2.3: Schematic Diagram of Trim Cutting Operation in WEDM Process 

2.6 POWDER MIXED EDM 

Powder mixed EDM (PMEDM) is one of the new contributions for the improvement 

of capabilities of EDM process as shown in Figure 2.4. In this process, a suitable 

material (aluminium, chromium, graphite, copper, silicon and silicon carbide, etc.) 

in the powder form is mixed into the dielectric fluid. When a voltage 80- I 20V is 

applied between wire electrode and work piece, an electric field in the range of 105-

107 V/m is generated. The powder particles are energized by high electric field and 

acts as conductors promoting breakdown in the gap. The spark gap filled up with 

additive particles and the gap distance setup between tool and the work piece is 

increased. Under the sparking area, these conductive particles form chains at 

different places under sparking area. The chain formation helps in bridging the 

discharge gap between wire electrode and work piece material. The interlocking 
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between the powder particles occurs in the direction of flow of current. Beca~ of 

bridging effect, the insulating strength of the dielectric fluid decreases resulting in 

easy short circuit. This causes early explosion in the gap and series of discharge 

starts under the electrode area. The faster sparking within a discharge causes faster 

erosion from the work piece surface which increases MRR and at the same time, a 

series of discharges which are well distributed under the electrode area. This nature 

of sparks produced shallow craters on the work piece surface and reduces SR 
(Kansai et al., 2007; Ojha et al. 2011; Singh et al. 2005; Wang et al., 2008). The 

machining rate increases by the addition of metal powder particles (aluminium, 
copper, iron) in the dielectric fluid during the machining of mild steel in EDM 

process (Erden et al. 1980). With the addition of powder particles, a great 
improvement in the break down characteristics of the dielectric fluid is observed, but 
after a certain critical concentration of powder short circuiting takes place which 
causes poor cutting condition. MRR increases with increase in the concentration of 
powder. At excessive powder concentration, machining becomes unstable due to 
occurrence of short circuits. 

Dielectric 

Servo 
Feed 

Tool 

Powder 
Parnrlo 

Figure 2.4: Powder Mixed Electrical Discharge Machining (PMEDM) 
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Narumiya et al. (1989) study the effect of addition of silicon, aluminium and 

graphite as powder materials. In the study powder concentration is considered in the 

range of 2gm/l to 40gm/1. It is observed that the gap distance increases with the 

powder concentration and is larger for the aluminium powder. A better result 

concerning the surface finish is achieved for low powder concentrations levels and 

that also for silicon and graphite powders. Experimental comparison are carried out 

using different powders (graphite, silicon (Si), aluminium (Al), crushed glass, 

silicon carbide (SiC) and molybdenum sulphide) with different grain sizes to obtain 

near-mirror-finish (Wong et al. 1989). Result shows that Al powder is better 

finishing for SKH-51 work pieces as compared to SKH-54 work pieces. It is 

important to know the correct combination of powder and work piece materials to 

produce superior surface finish. Kobayashi et al. (1992) concluded that Si powder 

mixed in the dielectric improves the surface finish of SKD-61 tool steel. It is 

observed that at specific machining conditions in the EDM of steel, Al and graphite 

powders generate better SR than Si powder. Yan et al. ( 1993) reported improvement 

in machining rate (MR) of two different materials SKDI 1 and Ti-6Al-4V by the use 

of SiC & Al powders. It is observed that SR also increases with the increase in 

machining rate. Uno et al. (1997) found that Si powder mixed in kerosene fluid 

enhances the surface finish. It is concluded that lesser impact force acts on work 

surface generate small craters resulting in stable machining. EDM process by adding 

SiC and Al powders into kerosene is carried out for the micro-slit machining of 

titanium alloy for better MRR (Chow et al, 2000). Tzeng and Chen (2005) found 

that factors such as particles concentrations, particles size, particle density, electrical 

resistivity and thermal conductivity of powder play important roles in improving the 

surface quality of EDM processes. In die sinking EDM, lots of research works are 

conducted using powder mixed dielectric to improve the MRR and surface 

characteristics. The electric conductive powder reduces the insulating strength of the 

dielectric fluid and increases the spark gap between the tool and work-piece. As a 

result the process becomes more stable thereby improving MRR and surface finish. 

Kansai et al. (2008) presented the numerical simulation of PMEDM of AISI D2 die 

steel using FEM. The RSM is used to identify and optimized the most important 

parameters of PMEDM for maximum MRR and minimum SR. The concentration of 

added Si powder, Ip and Ton significantly affect the MRR and SR in PMEDM. Ojha 

et al. (201 I) experimentally investigated MRR and EWR in PMEDM process with 
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Cr powder suspended dielectric. It is concluded that MRR showed an increasing 

trend for increase in powder concentration. Bhattacharya et al. (2013) showed 

improvement in surface properties like micro hardness, wear and corrosion 

resistance using various powder additives in PMEDM. 

For aerospace applications, the surface condition of the machined work piece 

is of concern because of the role it plays in the useful life of the component under 

cyclic loading. It is obvious that in order to maintain and/or improve reliability of 

aerospace components, it is first essential to be aware of the possible damage or 

surface alterations that are imparted to a material when it is machined. Although it is 

possible to apply post machining operations such as heat treating or shot peening to 

impart the conditions which will provide a predetermined desirable surface that may 

provide consistent desirable mechanical and physical properties. Hence, it is also 

necessary to control the machining operation to ensure the integrity specifications. 

Much of the valuable data has been published mostly on machining of lnconel grade 

of nickel alloys (In-718, In-60 l etc) by different conventional and non- conventional 

machines. However, the comprehensi.ve stt.K!y on the machinability of the Nimonic 

90 in WEDM is not reported. 

High strength and toughness over a wide temperature range increase the usage 

of Nimonic 90 in chemical industries, food processing industry, heat exchanger 

tubing, nuclear reactors, sub-marine and ship propellers etc. (Lewis et al., 2006). 

Nimonic-90 is a nickel-chromium-cobalt alloy which is most suitable for high 

temperature applications (600°C to 900°C). Its high stress rupture strength and creep 

resistance at high temperature allows using it in turbine blades and combustion 

chamber components. As per literature available, no significant work is found on 

machining of Nimonic-90 with EDM or WEDM. 

2. 7 IDENTIFIED GAPS IN THE LITERA TORE 

After a comprehensive study of the existing literature, it is found that lot ofresearch 

work is done in the area of WEDM. 

• Several research articles are published on process parameter design and 

modelling of the WEDM process by means of different mathematical 

techniques for different response characteristics such as SR, CS or MRR and 

kerf width or Ds, etc. 
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• Several researchers used the fuzzy control system, wire inaccuracy adaptive 

control and self tuning adaptive system in process monitoring and control. 

• In majority of research work, investigation and modeling of WEDM 

parameters are studied only for rough cutting operation. But only a few 

research works are reported in the fields of trim or finish cutting operation, 

WO setting for trim cutting is not fully explored. Determination of WO 

setting is absolutely essential for achieving a close dimensional tolerance. 

• A significant work has not been explored on machining of Nickel based 

alloy, Nimonic-90 with WEDM. 

• Till date, research work on powder mixed dielectric in WEDM is still 

missing. Therefore, the concept of metal powder mixed dielectric needs to 

attempt for WEDM. 

2.8 DISCUSSION 

In this study, problems encountering in machining of the Nickel based alloy in 

WEDM are considered. Despite the availability of good amount of literature for the 

machining of Inconel 718 and Inconel 601 super alloy, only few and inconclusive 

data are available on machining the Nimonic. From the available literature, it is 

found that no comprehensive and systematic modelling approach with respect to 

Nimonic 90 is identified. A comprehensive study on micro hardness, surface 

morphology and RCL in machining Nimonic 90 in WEDM is still missing. It 

emphasizes that there is a need of more comprehensive scientific work on machining 

of Nimonic 90 on WEDM. Machining characteristics namely CS, SR and RoC in 

WEDM of Nimonic-90 are modelled and optimized using RSM with Desirability 

Function. Also, the literatures revealed the importance of multi response 

optimization for machining characteristics for economy of the manufacture. An 

experimental investigation needs to be conducted on rough cut and trim cut using 

dielectric fluid and trim cut using Al. and Si metal powders in dielectric fluid to 

evaluate the effect of DE on surface morphology of machined surfaced of Nimonic-

90 in WEDM. 
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CHAPTER-VI 
SURFACE INTEGRITY ANALYSIS OF MACHINED 

SURFACE AFTER ROUGH CUT OPERATION IN 
WEDM 

6.1 INTRODUCTION 

In WEDM process, material is removed by a series of discrete electrical sparks 
between the wire electrode and workpiece. These sparks generate craters, recast layers 
and heat-affected zones on the subsurface of the machined workpiece. Surface 
integrity on WEDM surfaces involves the extent of surface roughness, depth of heat
affected zone, micro hardness, and size of surface crater. This chapter investigates the 
surface integrity of WEDM surface and explores possible ways to adjust process 
parameters for achieving the better surface integrity. 

6.2 RECAST LAYER (RCL) 

RCL is a hard skin on the work surface formed due to the re-solidification of melted 
residual material which is not completely expelled during the process (Puri and 
Bhattacharyya, 2005). It is considered as a major flaw on work (die) surface machined 
with WEDM because it adversely affects the die performance (Hargrove and Ding, 
2007). RCL consist of large size craters, hollow cavities and micro-cracks due to 
thermal residual stresses. It also consists of shallow craters of varying sizes, globules 
of debris formed by entrapped gases which make the surface rougher. The 
morphology of RCL is much different from bulk material and it adversely affects the 
working life of machined components (Liao et al., 2004; Soo et al., 2013). To analyse 
the effect of DE on work surface, specimens are grinded and polished to have mirror 
finish on the transverse section. Surface morphology is studied using Scanning 
Electron Microscope (SEM). 

Figure 6.1 compares the topography and Figure 6.2 shows RCL produced on the 
machined surface corresponding to high, medium and low DE. It is observed from 
Figure 6. la that high DE (Ip: 150 A; Ton: 118 µs; Toff: 35 µs; SV: 30V) results in the 
formation of overlapped and deep craters with large size diameters. These cracks are 
formed as a result of high thermal stresses prevailing due the rapid heating and 
cooling in the sparking zone. High density of melted globules gets accumulated at the 
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machine surface resulting into rough surface. The surface layer is damaged due to the 

high heat energy, which may be distinguished by the amount of Nickel grains and 

micro cracks. At high DE, significant amount of melted cobalt is transformed into 

vapour phase. On cooling, hollow cavities are formed as shown in Figure 6.1 a. 

Whereas at low DE (Ip: 90 A; Ton: 106 µs; SY: SOY) and high value of Toff 

(45 µs) , smaller craters in size and less density of melted globules are found on 

machined surface {Figure 6b-6c} . At this stage, melted material quickly flushed out 

without generating any exploding pressure in between plasma channel. Electrical 

sparks generate smaller craters on the surface. As a result, fine surface; free of micro 

voids, is generated. It indicates that lower value of Ip and Ton and higher value of 

Toff and SV yields good surface characteristics in WEDM ofNimonic 90. 

10kV WD10mm 5S35 
SAi Labs, Thapar Univ, Patiala. 

x1.000 
GMourya 

Hollow Cavity 

Hollow Cavity 

10µ111 
23 Dec 2014 

Figure 6.la: SEM Images of Machined Surface Corresponding to High DE (Ip 150 
A; Ton 118 µs; Toff 45µs; SV 30Y) 

RCL is observed predominantly at high DE which is discontinuous and non 

uniform. At high DE, high heating and melting of materials cause of high pressure 

energy in plasma channel (Li et al., 2013) and a fraction of molten metal flushed away 

through the narrow spark zone while rest of the material re-solidifies on work surface. 

At high DE, the average thickness of RCL is found up to 17µm. While at low DE, 

average thickness of RCL is 6 µm. No exploding pressure generates inside the plasma 
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channel and at high value of Toff, melted and re-solidified debris are quickly flushed 
out. Thinner RCL exists on specimens machined using shorter Ton and Ip. 

Figure 6.lb: SEM Image of Machined Surface Corresponding to Medium DE (Ip 90 
A; Ton 112 µs; Toff 40µs; SV 40V) 

Figure 6.lc: SEM Image of Machined Surface Corresponding to Low DE (Ip 90 A; 
Ton 106 µs ; Toff 45µs; SV 50V) 
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Figure 6.2a: SEM Image of Transverse Section Corresponding to High DE (Ip 150 

A; Ton 118 µs; Toff 45µs; SV 30V) 

SEI 25kV WD9mm 5S45 

SAi Labs, Thapar U111v, Pat1ala . 

X 1,QQQ 

Gl,1011rya 
1011111 
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Figure 6.2b: SEM Image of Transverse Section Corresponding to Medium DE (Ip 90 

A; Ton 112 µs; Toff 40µs; SV 40V) 
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SAi L;ibs . Th;ipar Univ, Pat1ala, 
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Figure 6.2c: SEM Image of Transverse Section Corresponding to Low DE (Ip 90 A; 
Ton 106 µs; Toff 45µs; SV S0V) 

Energy Dispersive Spectroscopy (EDS) analysis of the machined surface at high 
DE shows that RCL consists of main constituents of work material and no carbon 
element is present on the top surface {Figure 6.3}. If the WEDM machining of 
Nimonic-90 is compared with die steel (Kruth et al., 1995) and Tungsten carbide 
(WC-Co) composite (Saha et al., 2008), less surface damage is observed on Nimonic 
90. Unlike steel alloys, due to the absence of C elements in Nimonic-90, quenching in 
dielectric do not cause micro-cracks in subsurface (Li et al., 2013). Melting point of 
Nimonic 90 is ~ 1370°C which is quite low as compared to the temperature generated 
in plasma channel in WEDM. With uniform melting and evaporation, all constituents 
get flush out easily and results into better surface characteristics. 

6.3 UNMACHINED AREAS 

In rough cutting operation, it is observed that SEM images show some surface area 
remains unmachined / uncleared at the end of cut in machine cavity. The movement 
of wire electrode starting from point 0 is shown by the direction of arrow in Figure 

6.4_ Wire electrode completes the cutting operation at point B before reaching point 
A. Therefore, a triangular shape unmachined surface is formed inside the cavity. The 
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area of the unmachined surface mainly depends on DE across the electrodes. Figure 

6.5-6.8 shows SEM images of the top view of inside surface of the cavity. 

Iii 
0 

Co 
Ti, 

Ti CL 
.. Ti Cr, 

lJ Scale 1316 ds Cursor: 0.119 (24 ds) 

Figure 6.3: EDS Analysis of Machined Surface for Corresponding to High DE (Ip 

150 A; Ton 118 µs; Toff 45µs; SY 30V) 

A triangular shape is appeared of the unmachined top surface area. Its 

deterioration depends on the discharge conditions, i.e., Ip and Ton. At low DE, 

materials are removed from the machined surface with low CS. So that, a sharp 

triangular shape is formed with greater height {Figure 6.5-6.6}. Whereas, the increase 

in Ip increases the spark diameter which increases the length of ridge line but 

decreases the height of triangular shape. Increase in Ip and Ton deteriorate the shape 

and length of ridge line which is mainly due to large melting and increasing RCL 

{Figure 6.7-6.8}. Long pulse duration with high Ip erodes more material from work 

surface which may cause re-deposition of melted material because of incomplete 

flushing of debris out of the spark gap, resulting into deteriorated ridge line. 
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Figure 6.4: Representation of Unmachined Surface Area in WEDM 

Triangular Shape 

SEI 15kV 
IIT ROPAR 

WD11mm 5S30 x200 1001,1m 
13 Sep 2012 

Figure 6.5: SEM Image of Unmachined Surface at Ip 90 A; Ton 106 µs; 
Toff 45µs; SV 50V) 
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SEI 15kV WD11mm SS30 x200 100µm 
IIT ROPAR 13 Sep 2012 

Figure 6.6: SEM Image ofUnmachined Surface (Ip 120 A; Ton 106 µs; 
Toff 40 µs; SY SOY) 

5EI 15kV WD11mm 5530 x200 100µm 

IITROPAR 13Sep2012 

Figure 6.7: SEM Image of Unmachined Surface (Ip 120 A; Ton 118 µs; 
Toff 30 µs; SY 40V) 
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SEI 15kV 
IIT ROPAR 

WD11mm SS30 x200 100µm 
13 Sep 2012 

Figure 6.8: SEM Image of Unmachined Surface ( Ip 150 A; Ton 118 µs; Toff 40 µs ; 
sv 30V) 
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Figure 6.9: Micro-Hardness Profiles underneath the Machined Surface at High and 
Low DE 
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Figure 6.9 depicts the micro-hardness profile for machined surface at high and 

low DE. Micro-hardness significantly reduces at the machined top layer as compared 

to bulk material. This reduction is mainly due to the thermal degradation of top 

surface (Li et al., 2013) and the depth of degradation increases with increasing DE. At 

high DE, some part of the thermal energy is transferred to the work material that 

extends the heat affected zone underneath the machined surface. It is observed that 

measurement of micro hardness value corresponding to top machined layer is difficult 

because of the large surface damage at top surface that causes inaccurate impression 

of micro indent on this region. Therefore, the reading for micro hardness is missing up 

to 20 µm underneath the top layer in case of High DE. 

6.4 DISCUSSION 

The surface integrity of WEDM surfaces of Nimonic 90 is investigated in case of 

rough cutting operation. SEM results are used in comparative study of the surface 

texture and crater sizes of rough surface of specimens machined at high, medium and 

low DE. RCL thickness and length of ridge line are function of two main discharge 

parameters, i.e., Ip and Ton. RCL is mainly due to the incomplete flushing of the 

eroded carbide material out of the spark gap. Therefore, thickness of RCL increases 

with increase in Ip and Ton. RCL and ridge line both degrade the performance of 

machined surface. RCL has lower hardness, due to which machined surface wear out 

quickly. These affect the surface quality and dimensional accuracy of the machined 

components. Therefore, in order to improve the surface integrity of machined surface, 

Trim cutting operation in WEDM is considered as a probable solution to improve 

surface characteristics and geometrical accuracy by removing very small amount of 

work materials from the surface obtained after a rough cutting operation. 
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CHAPTER-VII 

COMPARISON OF ROUGH AND TRIM CUTTING 
OPERATIONS OF NIMONIC 90 WITH STEEL ALLOY, 
TUNGSTEN CARBIDE COMPOSITE AND MONEL 400 

ALLOYS 

7.1 INTRODUCTION 

In rough cutting operation, damaged surface with poor surface integrity is a major 

problem because re-solidification of melted debris' s that do not flushed quickly out of 

a narrow spark gap. In rough cutting operation; spark zone is quite large as compared 

to trim cutting operation. As a result, the volume of molten metal is very high in 

rough cutting operation which generates large pressure energy in spark zone. It causes 

large size craters and cracks on work surface. In trim cutting operation, spark zone is 

influenced by wire offset value and discharge parameters (Sarkar et al., 2010). 

Therefore, using low discharge energy parameters and accurate value of wire offset in 

trim cutting operation, damaged surface layer can be minimized or eliminated. The 

majority of the research work on WEDM deals with rough cutting operation and a 

very limited research work are conducted for trim cutting operation. Trim cutting 

operation in WEDM is a best option to remove unwanted surface defects after rough 

cut in WEDM, with proper discharge parameters and wire offset (Huang et al., 1999; 

Sarkar et al., 2008; Klink et al., 2011). In this chapter, an experimental study of rough 

and trim cutting operation ofNimonic 90 with three different materials, i.e., Die steel, 

Tungsten carbide composite and Mone! 400 is presented on WEDM. 

7.2 EXPERIMENTATION PROCEDURE 

All these materials are machined on 5 axis sprint cut (ELPUSE-40) WEDM. WC-

5.3%Co is a difficult to machine material. It possesses high strength and very high 

hardness which makes it highly suitable for cutting tools, die and other special 

components. HCHCr die steel is also extensively used for die and mould making. 

Nimonic 90, a nickel-chromium-cobalt alloy, having high rupture strength and high 

creep resistance at high temperature (up to 950 °C) and it is mainly employed in 

turbine blades and combustion chamber. Mone! 400 is a nickel copper based alloy, 
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mostly employed in ships and corrosion resisting applications. Table 7 .1 shows the 

composition and properties of selected work materials. 

Table 7.1: Composition and properties of work materials 

Materials Nimonic 90 Monel400 
Tungsten HCHCr 
Carbide 

Composition 60% Ni, 63% Ni, 33% WC-5.3%Co 1.5% C, % 0.6 Mn, 

19.3% Cr, Cu, 2.13% Fe, 0.6% Si, 1 % Co, 

15% Co, 3.1% and 1% Mn 12.5 % Cr, 0.9% 

Ti, and 1.4% Mo, 1.10 % V, 0.3% 

Al, Ni and remainine: Fe 

Density 
(g/cm3

) 
8.18 8.8 15.63 7.7 

Melting 
point (0C) 

1370 1350 2870 1421 

Hardness 361 199 1990 680 
(HV) 

Thermal 11.47 W/m C 22 W/mC 84.02W/mK 20 W/mC 
Conductivity 

Co-efficient 5.8 µm·m-1·K 
of thermal 12.7 µmt 13.9 µmC -1 10.4µ/C 

expansion 

Elastic 
modulus 213 115 550 210 

(GPa) 

Using WEDM, work materials are machined and samples are obtained in the 

form of rectangular punches of size 8 mm x 7 mm x 12.5 mm. Firstly, effect of 

discharge energy is evaluated on CS and SR in rough cutting operation. Three levels 

of discharge energy are selected; low, medium and high. To vary the DE across the 

work surface, values of discharge parameters namely Ip, Ton, and Toff are varied. 

Therefore, only three discharge parameters are the variables while the other 

parameters are kept constant. 

Wire electrode and dielectric conditions are assigned a constant value. A zinc 

coated brass wire is selected as wire electrode. Experiments are conducted at zero WO 

value. Table 7.2 shows the values of parameters for different level of DE in rough 

cutting operation. The experiments are performed corresponds to three settings of 

discharge energy (DE) for each work material and machining characteristics namely 

CS and SR are observed. 
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Table 7.2: Values of WEDM Parameters in rough cutting operation 

DE Level 
Values of variable 

Constant Parameters 
Parameters 

Low 
Ton 106µs, Toff 

40µs, Ip 100 A 
SV 30V; Wire diameter: 250µm; WT 

Ton 112µs, Toff 
Medium ION; WF Sm/min.; FR 12LM·1; Servo 

40µs, Ip 120 A 
feed 2080. 

High 
Ton 11 Sµs, Toff 

35µs, Ip 160 A 

Another set of experiments are performed to examine the effect of trim cutting 

operations on machining characteristics for each work material. Trim cutting 

operations are followed after a rough cutting operation that are performed at high 

level of DE corresponds to the parameters listed in Table 7 .2. Trim cutting operations 

(maximum two numbers) are performed at different wire offset (WO) values of I 05 

and 85µm but at constant discharge parameters. The values of discharge parameters in 

trim cutting operation are Ton 105µs; Toff 35µs; Ip 90A; SV 30V; WT SN; WF 

2m/min; FR: 3LM'1• 

7.3 RESULTS AND ANALYSIS 

Firstly, experiments are conducted to examine the effect of DE and work material 

properties on machining characteristics of WEDM. CS and SR are observed for these 

four different work materials after rough cutting operation performed at different 

levels of DE. After evaluating the effect of DE in rough cutting operation, trim cutting 

operations are performed and a comparative study for SR and micro-hardness is 

made. 

7.3.1 Cutting Speed (CS) 

In WEDM, CS depends on DE across the wire tool electrode and work material. Ip, 

Ton, Toff and SV are important discharge parameters in WEDM. Low value of Ip, 

Ton, sv and high value ofToff results into low DE per unit time and vice versa. High 

DE results in high heat generation across the spark gap and results in large melting 

and evaporation of work material (Jangra and Grover, 2012; Li et al., 2013). It is seen 

that cs increases with increase in DE across the electrodes as shown in Figure 7.1. 
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Figure 7.1: Effect of DE on CS 

With increases in DE, CS increases for all four work materials but in different 

proportions. The increase in CS is lowest in WC-Co composite while nickel alloys 

(Nimonic-90 and monel-400) show good increase in CS with increasing of DE. 

HCHCr steel shows maximum CS corresponds to high level of DE. The melting 

temperature (nearly 2800°C) and boiling temperature (6000°C) for Tungsten carbide 

is quite high as compared to other three alloys. Also, WC-Co has higher thermal 

conductivity which increases the fraction of heat transfer to the bulk material (Jangra 

K, 2012) and hence less melting and evaporation of WC-Co material take place. As a 

result, rise in CS for WC-5.3% Co composite is less as compared to other alloys 

which melts nearly at l 400°C. At high level of DE, Die steel completely melts and 

evaporates that easily flushed out of the spark gap at high FR. 

7.3.2 Surface Roughness (SR) 

In WEDM process, SR of machined surface is characterized by the size and depth of 

the craters produced after the melting and expulsion of work material. Therefore, 

similar to CS, SR is also function of DE across the electrodes. Figure 7 .2 shows the 

effect of DE on SR in rough cutting operation. Result shows that SR increases with 

increasing DE for all four work materials. 
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Figure 7.2: Effect of DE on SR 
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SR is least for WC-Co composite while is highest for HCHCr. These results 
may be confirmed by comparing the machined surface in Figure 7.3-7.6. Machined 
surface of HCHCr and Nimonic-90 consists of deep and large size craters while WC
Co and Monel-400 has small size craters. Here, thermal conductivity, melting and 
boiling temperature are the responsible factors. Work materials having low melting 
and evaporating temperature, high DE causes overheating and evaporation of molten 
metal forming gas bubbles that explode when the discharge ceases (Han et al. 2007; 
Li et al., 2013). Resulting high pressure energy creates large size craters on work 
surface. The diameter and depth of crater increases with increasing DE and a result 
increases the SR. 

Figure 7.3: Machined Surface of WC-Co Composite; (a) at Low D.E. (b) at High 
D.E. 
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Figure 7.4: Machined Surface ofHCHCr; (a) at Low D.E. (b) at High D.E. 

Figure 7.5: Machined Surface ofNimonic 90; (a) at Low D.E. (b) at High D.E. 

Figure 7.6: Machined Surface of Mone! 400; (a) at Low D.E. (b) at High D.E. 
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Figure 7 · 7 represents the effect of trim cutting operation on SR. Trim cutting 
operations are cond t d ~ . . . uc e 1or all four work materials under s1m1lar discharge 
parameters but at different values of WO values of t 05 and 85µm. Trim cutting 
operations are cond t d ft . . . • uc e a er a rough cutting operation that 1s performed at high 
level of DE In tr" • . . · tm cuttmg operation, CS is quite high (10 to 13mm/mm.) as 
compared to rough cutting operation (1-2.5 mm/min.) and it remains nearly same 
irrespective of the work material. 
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Figure 7.7: Effect of Trim Cutting Operation on SR 

Trim cutting operation is removed a thin layer of surface material and surface 
irregularities (peaks). As results, surface finish is improved significantly after trim 
cutting operation. It is also noticed that multi-trim cutting operations are not much 
effective. Therefore, surface finish may be improved using single trim cut at low DE 
with appropriate wire offset value. 

7.3.3 Micro Hardness 

Figure 7.8 (a-d) depict micro-hardness profile underneath the machined surface after 
rough cutting and single trim cutting operation. Micro-hardness are measured at 
transverse section to the machined surface. Profiles show that micro-hardness 
significantly reduced at the machined top layer as compared to bulk material. This 

d t
. • ma·inty due to the thermal degradation of top or machined surface (Li et re uc 10n ts 
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aJ., 2013) which is predominately due to the high pressure energy generated inside the 

plasma channel. At high DE, some part of the thermal energy is transferred to the 

work material that extends the heat affected zone underneath the machined surface. 
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Figure 7.8a: Microhardness Profile Underneath the Machined Surface of WC-Co 
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Figure 7.8b: Microhardness Profile Underneath the Machined Surface of HCHCr 
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Figure 7.8d: Microhardness Profile Underneath the Machined Surface ofMonel 400 

Figures 7.8c and 7.8d show the Nimonic 90 and Monet 400, nearly closed 
micro hardness profiles are obtained for rough and trim cutting operations underneath 
the machined surface except up to a depth of 40µm. But in case of WC-Co composite 
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and HCHCr a noticeable difference is obtained in micro harness profiles for rough 

' . ·t d HCHCr carbon percentage is 
and trim cutting operation. In WC-Co compost e an , 

. . . d ..&. d t dielectric fluid and results 
more which causes quenchmg of machine suuace ue o 

into micro-cracks in sub-surface (Kruth and Stevens, 1995; Li et al., 2013). Using 

trim cutting operation, the degraded surface is removed resulting into new surface 

having lesser numbers of micro-cracks and defects. Therefore, micro-hardness after 

trim cutting operation increases in WC-Co and HCHCR. It is observed that 

measurement of micro hardness value corresponding to top machined layer is difficult 

because of the large surface damage at top surface that causes inaccurate impression 

of micro indent on this region. Therefore, the reading for micro hardness is missing up 

to 20 µm underneath the top layer. 

7.4 DISCUSSION 

In this chapter, an experimental study of rough and trim cutting operations in WEDM 

is studied for Nimonic-90 with three hard to machine materials namely Tungsten 

carbide cobalt (WC-Co) composite, high carbon high chrome (HCHCr) steel alloy and 

Mone! 400. CS, SR and micro-hardness are the performance characteristics. Result 

shows that with the increase in DE, CS and SR increases which is due to the high heat 

generation and high rate of melting and evaporation of work material. From SEM 

images for low and high DE, it is observed that the machined surface of HCHCr and 

Nimonic-90 consist of deep and large size craters while WC-Co and Monel-400 have 

small size craters. This may be due to the difference in values of thermal conductivity 

and melting and boiling temperatures of work materials. 

Trim cutting operations are performed after a rough cutting operation (with high 

level of discharge energy) under the similar discharge conditions but with different 

wire offset values. Results show that surface finish is improved significantly after trim 

cut operation irrespective of rough cutting operation. It is also noticed that; multi-trim 

cutting operations are not much effective. Therefore, surface finish may be improved 

using single trim cut at low DE with appropriate wire off-set value. 

Micro-hardness profiles underneath the machined surface after rough cutting 

operation showed that at high DE, depth of thermal degradation of top surface 

increases and thermal degradation is affected by carbon percentage in work material. 
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CHAPTER-VIII 

OPTIMIZATION OF TRIM CUTTING OPERATION OF 
NIMONIC-90 WITH RSM USING DESIRABILITY 

FUNCTION 

8.1 INTRODUCTION 

Trim cutting is considered as a probable solution to improve the surface integrity, 

geometrical accuracy and fatigue life by removing the degraded materials from the 

machined surface. In trim cutting operation, wire electrode trace back the same wire 

path of first cut with low DE and certain values of WO (Huang et al., 1999; Puri & 

Bhattacharyya, 2003). Wire depth (Wd) is the distance travelled perpendicular and 

inside the work piece during trim cutting operation. The depth of cut is related to 

WO value. Increasing the WO value decreases the Wd. Surface finish is improved 

considerably using single trim cut at low DE with appropriate WO value. 

This chapter is presented the investigation on trim cutting operation in WEDM of 

Nimonic 90. Machining parameters namely Ton, SV, FR and Wd are investigated on 

surface characteristics and dimensional shift (Ds) in trim cutting operation. A 

standard second order experimental design called face centered Central Composite 

Design (CCD) in term of machining parameter is adopted using RSM. Desirability 

function is employed to optimize two performance characteristics simultaneously. 

8.2 EXPERIMENTATION PROCEDURE 

In the study, 5 axis sprint cut (ELPUSE-40) WEDM is selected for conducting 

experiments. Trim cutting operations are performed at different combination of 

process parameters after a rough cut performed at constant parameters. Using 

WEDM, work material is machined and samples are obtained in the form of 

rectangular cavity of dimension 10 mm x 6 mm x 12.5 mm. Figure 8.1 shows the 

schematic diagram of the cutting operation performed in present work. According to 

path programme {Figure 8.1}, firstly, a rough cut (1-2-3-4-5-2-1) is performed at 

zero WO value to part-off the material. The machine is halted at point 2 to remove 

the punch out of the work plate and then trim cut ( 1-6-7-8-9-10-6-1) are performed 

according to the experimental plan mentioned in Table 8.3. Ds is calculated after 
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measµring the dimensions of die cavity with the help of an optical microscope. It is 

obtained as 

Ds = (Die cavity width after trim cut - Die cavity width after rough cut)/2. 

9 

10 

5 ni1 1 cut path 

Rough ut path 

i---work plate 

Rough cut path 1-2-3-4-5-2-1 
ni.m cut path 1-6-7-8-9-10-6-1 

Figure 8.1: Cutting Operations in WEDM Process 

In case of trim cutting, the prime objective is to improve SR and to reduce 

dimensional inaccuracy. Therefore, a combination of high DE parameters is 

provided the maximum CS in rough cutting operation, while in trim cutting 

operation, low DE parameters resulting, low SR, are selected. Fixed Machining 

parameters setting for rough and trim cutting operations are shown in Table 8. l. A 

zinc coated brass wire having a fixed diameter of 0.25mm is selected as wire 

electrode. The Ton, SV, W d and FR are considered as main process parameters in 

trim cutting operation for investigation. Ds and SR are considered as machining 

characteristics. Table 8.2 shows the process parameters and their levels for trim 

cutting operation. Experiments are performed according to the layout of 

experimental design for Face CCD of second order shown in Table 8.3. 

8.3 RESPONSE SURFACE METHODOLOGY (RSM) AND 
EXPERIMENTAL DESIGN 

A standard second order experimental design called face CCD is adopted for 

analysing and modelling the WEDM parameters for average value of SR and Ds as 

shown in Table 8.3. SR is measured in terms of mean absolute deviation (Ra) using 
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the Digital Surface Tester M"tut 3 . 1 oyo 0lP. A regression equation is developed for correlatmg the input proc . ess parameters with response parameters using RSM. 

Table 8.1: Fixed Mach· · p . mmg arameters m Rough and Trim Cutting Operations 

Rough cut parameters Trim cut parameters 
Ton 118 µs Toff 30 µs 
Toff 35 µs Ip ll0A 
FR 12L/min Wy8N 
w~ 5 mm/min w~ 2m/min 
WT l0N Servo feed = 150 
Ip 150 Amp 

SV 30V 

Servo Feed 150 

Table 8.2: Variable Process Parameters and their Levels in Trim Cutting Operation 

Parameters Symbol Units 
Levels 

Low (-1) High (+l) 
Pulse on Time Ton µs 104 112 
Servo voltage sv V 20 40 
Wire Depth Wd µm 10 30 
Flow Rate FR L/min 2 6 

8.4 RESULT ANALYSIS 

To analyze the experimental data, Design expert (DX7), a statistical tool is utilized. There are 
three tests, i.e., sequential model sum of squares, lack of fit tests and model summary 
statistics are performed for deciding the adequacy of the model for two different machining 
characteristics, i.e., SR and Ds in WEDM process. Table 8.4-8.5 are used to decide an 
adequate model to fit various machining characteristics. Analysis of Variance (ANOVA) is 
performed on the experimental data to test the goodness of fit of the model. This includes test 
for significance of the regression model, significance on model coefficients and lack of fit 
model adequacy. 
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Table 8.3: Layout of Experimental Design for Face CCD of_Second Order and Experimental 
Results in Trim Curtin Ooerat1on 

Expt. Ton (ps) SV(V) 
Wd FR SR(µm) Ds (µm) 

No. (µm) (L/min) 

1 104 20 10 2 1.31 14 

2 112 20 10 2 2.03 17 

3 104 40 10 2 1.1 16 

4 112 40 10 2 1.51 14 

5 104 20 30 2 1.25 38 

6 112 20 30 2 2.45 38 

7 104 40 30 2 1.22 43 

8 112 40 30 2 2.22 45 

9 104 20 10 6 1.18 22 
10 112 20 10 6 2.41 29 
11 104 40 10 6 1.11 17 
12 112 40 10 6 1.97 28 
13 104 20 30 6 1.25 40 
14 112 20 30 6 2.9 48 
15 104 40 30 6 1.3 46 
16 112 40 30 6 2.69 54 
17 104 30 20 4 1.32 23 
18 112 30 20 4 2.53 27 
19 108 20 20 4 2.03 23 
20 108 40 20 4 1.81 27 
21 108 30 10 4 1.86 20 
22 108 30 30 4 2.2 47 
23 108 30 20 2 1.72 27 
24 108 30 20 6 2 36 
25 108 30 20 4 2.03 28 
26 108 30 20 4 2.08 27 
27 108 30 20 4 2.09 27 
28 108 30 20 4 2.06 29 
29 108 30 20 4 2.08 30 
30 108 30 20 4 2.12 27 
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Table 8.4: Selection of Adequate Model for SR in Trim Cutting Operation 

Sequential Model Sum of Squares Test 

Source Sum of Degree of Mean Square F-value p-value 
Squares Freedom Prob>F 

Mean vs. Total 103.90 1 103.90 
Linear vs. 4 
Mean 6.11 1.53 32.22 <0.0001 

2F 1 vs. Linear 0.59 6 0.099 3.16 0.0255 
Quadratic vs. 

2Fl 0.56 4 0.14 53.99 <0.0001 Suggested 

Cubic vs. 

Quadratic 0.018 8 2.254E-003 0.77 0.6425 Aliased 

Residual 0.021 7 2.933E-003 
Total 111.20 30 3.71 
Lack of Fit Tests 

Source Sum of Degree of Mean Square F-value p-value 

Squares freedom Prob> F 

Linear 1.18 20 0.059 65.15 0.0001 

2Fl 0.59 14 0.042 46.43 0.0002 

Quadratic 0.034 10 3.403E-003 3.75 0.0786 

Cubic 0.016 2 8.000E-004 8.82 0.0229 Suggested 

Pure Error 4.533E- 5 9.067E-004 Aliased 
003 

Model Summary Statistics 

Source Standard R- Adjusted R- Predicat Press 

Deviation Squared Squared ed R-

Squared 

Linear 0.22 0.8375 0.8115 0.7422 1.88 

2Fl 0.18 0.9186 0.8758 0.7168 2.07 

Quadratic 0.051 0.9947 0.9898 0.9791 0.15 Suggested 

Cubic 0.054 0.9972 0.9883 0.7387 1.91 Aliased 
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Table 8.5: Selection of Adequate Model for Ds in Trim Cutting Operation 

Sequential Model Sum of Squares Test 

Source Sum of Degree of Mean F-value irvalue 

Squares Freedom Square Prob>F 

Mean vs. Total 27421.63 I 27421.63 

Linear vs. 
3112.78 4 778.19 53.95 <0.0001 

Mean 

2F 1 vs. Linear 129.38 6 21.56 1.77 0.1589 

Quadratic vs. Suggested 
2Fl 203.74 4 50.94 27.81 <0.0001 

Cubic vs. Aliased 
Quadratic 11 .72 8 1.47 0.65 0.7203 

Residual 15.75 7 2.25 

Total 30895.00 30 1029.83 

Lack of Fit Tests 

Source Sum of Degree of Mean Jr Value 
F-value 

Squares freedom Square Prob>F 

Linear 352.59 20 17.63 11.02 0.0072 

2Fl 223.21 14 15.94 9.96 0.0096 

Quadratic 19.47 10 1.95 1.22 0.4386 

Cubic 7.75 2 3.87 2.42 0.1839 Suggested 

Pure Error 
8.00 5 1.60 Aliased 

Model Summary Statistics 

Source Predicated 
Standard R- Adjusted R-

R- Press 
Deviation Squared Squared 

Squared 

Linear 3.80 0.8962 0.8796 0.8448 539.19 

2Fl 3.49 0.9334 0.8984 0.8263 603.26 

Quadratic 1.35 0.9921 0.9847 0.9567 150.29 Suggested 

Cubic 1.50 0.9955 0.9812 0.4525 1901.64 Aliased 
-
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Figure 8.2: Normal Probability Residuals Plot for SR in Trim Cutting Operation 
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Figure 8.3: Predicted vs. Actual Plot for SR in Trim Cutting Operation 
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8.4.1 Analysis of SR in Trim Cutting Operation 

Fit summary for SR suggested that quadratic model is statistically significant for analysis. 

Table 8.6 shows ANOV A for SR, after backward elimination process. The Model F-value of 

232.85 implies that the model is significant. There is only a 0.01% chance that a "Model F-

Value", this large could occur due to noise. In this case A, B, C, D, AB, AC, AD, BC, A2, 

B2, o2 are significant model terms.Values greater than 0.05 indicates that the model terms 

are not significant. A selected model would be statistically significant, if p-value for the 

model terms are less than 0.05 (i.e. a = 0.05, or 95% confidence level) (Myers & 

Montgomery, 1995). Using backward elimination process, insignificant terms ~value > 

0.05) are eliminated from the reduced quadratic model. 

Table 8.4 shows that the p-value for quadratic model is significant. The terms in the 

model have significant effect on output response. In present case, the value of R
2 

and R
2 

(adj.), called coefficient of determination, is over 99%. When R2 approaches unity, better the 

response model fits the actual data. Also, test of ' lack of fit' shows insignificant effect, which 

is desirable for selecting the models. Figure 8.2 shows that the residuals are normally 

distributed about a straight line which means that the errors are normally distributed. Figure 

8.3 shows that the predicted vs. actual values plot for SR and all the actual values are 

following the predicating values. Hence declared model assumptions are right. Consequently, 

the proposed model for SR may be considered as significant for fitting and predicting the 

experimental results. The final response equation after eliminating the non significant terms 

for SR is given below: 

(In terms of actual parameters) 

Surface roughness =-63.92711+ 1.12996 *Ton+ 0.22186 * SV- 0.33958 * Wd - 1.17592 * 

FR - l.78125£--003 * Ton * SV + 3.15625E-003 *Ton * Wd + 0.014063 *Ton * FR+ 

5.12500E-004 * SV * Wd - 4.91477£-003 * Ton2 
- 8.36364E-004 * SV2 - 0.035909 * FR2 

(8.1) 

In order to analyse the influence of WEDM parameters on SR, response surface graphs 

are shown in Figure 8.4(a-d). These figures show the noticeable influence of process 

parameters on SR. SR increases with increasing the value of Ton, W d and FR while it 

decreases with increasing value of SV. The influence of FR is non-symmetric. The curved 

plots show the interaction among the input parameters. The parameter namely Ton, SV, Wd, 

FR and their interactions are highly significant for SR. 
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Table 8·6= ANOV A for SR in Trim Cutting Operation 

Source 
Sum of Degree of Mean 

Squares freedom Square 
F-value p-value 

Moder 7.25 11 0.66 232.85 < 0.0001 Significant 

Ton 5.19 l 5.19 1835.66 < 0.0001 
sv 0.2 1 0.2 69.38 < 0.0001 
Wd 0.5 1 0.5 176.68 < 0.0001 
FR 0.22 1 0.22 78.52 < 0.0001 

Ton*SV 0.081 1 0.081 28.7 < 0.0001 
Ton* wd 0.26 1 0.26 90.11 < 0.0001 
Ton*FR 0.2 1 0.2 71.55 < 0.0001 
SV*Wd 0.042 1 0.042 14.85 0.0012 

(Tont 0.018 1 0,018 6.2 0.0228 

(SVt 0.02 1 0.02 7.02 0.0163 

(FRl 0.059 1 0.059 20.69 0.0002 

Residual 0.051 18 2.83E-03 

Lack of fit 0.046 13 3.57E-03 3.94 0.0697 
Not 

siQllificant 

Pure error 4.53E-03 5 9.07E-04 

Cor. Total 7.3 29 

R2 =0.9930 R2 (Adj.)= 0.9887 

Pred R-Squared = 0.9773 Adeq Precision= 54.737 

High DE due to high value of Ton results into overheating and evaporation of molten 

metal resulting into high pressure energy that creates large size craters on work surface. The 

diameter and depth of crater increases with increasing of Ton which increases SR. Increasing 

the value of Wd decreases the gap between wire electrode and work surface which increases 

the effective sparking on work surface and hence melting and erosion of the surface material 

increases. This causes increase in SR. SR decreases with increasing the value of SV as shown 

in Figure 8.4c. Increasing SV increases the gap between work material and wire electrode 

that result into low ionization of dielectric medium and hence low DE get generated. At low 

dielectric FR, laminar dielectric flow is maintained that results into effective spark generation 
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in trim cutting operation which removes the surface irregularities completely after the rough 

cutting operation. Therefore, low FR results into lower SR. 
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Figure 8.4a: Combined Effect of SV and Ton on SR (W d: 20µm; FR: 4L/min) 
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Figure 8.4b: Combined Effect ofWd and Ton on SR (SV: 30V; FR: 4L/min) 
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Figure 8.4d: Combined Effect of FR and Ton on SR (SV: 30V; Wd: 20µm) 

In order to examine the extent of surface damage (RCL) formed due to the re
solidification of melted residual material which is not completely expelled during the process 
(Puri & Bhattacharyya, 2005). The morphology of recast layer is much different from bulk 
material and it adversely affects the working life of machined component (Liao et al., 2004; 
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Soo et al., 2013). Figures 8.5-8.8 show the SEM images of transverse section of sample 

correspond to sample no. 3, 4, 15 and 26, respectively. 

I 30kV WD9mm SS46 x1,000 10µm 

I Labs, Thapar Univ, Patiala, GMourya 17Jun2014 

Figure 8.5: SEM Image of Transverse Section of Sample 3 (Ton 104µs, SV 40V, 

Wd lOµm, FR 2L/min) 

SEI 30kV WD9mm SS41 
SAi Labs, Thapar Univ, Patiala, 

x1 ,000 
GMourya 

10µm 
17 Jun 2014 

Figure 8.6: SEM Image of Transverse Section of Sample 4 (Ton l 12µs, SV 40V, 
Wd I0µm, FR 2 L/min) 
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SEI 30kV WD9mm SS47 
SAi Labs, Thapar Univ, Patiala, 

x1 ,000 
GMourya 

10µm 
17 Jun 2014 

Figure 8.7: SEM Image of Transverse Section of Sample 15 (Ton 104µs, SV 40V, Wd 30µm, 
FR 6 Umin) 

W09mm SS44 
JS . Thapar Univ, Patia la, 

x1,000 
GMourya 

10µm -
17 Jun 2014 

Figure 8.8: SEM Image of Transverse Section of Sample 26 (Ton 108µs, SV 30V, wd 20µm, FR4 L/min) 

RCL is observed which is discontinuous and non-uniform and the average thickness of 
damaged surface varies from 6µm to 12 µm . At high DE, melting and evaporation of material 
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generate gas bubbles causing high pressure energy in plasma channel (Li et al., 2013, Wang 

et al. 2009) which plough out the material from the work surface and create large size 

irregularities on work surface. 

8.4.2 Analysis of Dimensional Shift (Ds) in Trim Cutting Operation 

Dimensional shift (D5) is the thickness of material removed perpendicular to the cutting 

direction of wire electrode in trim cutting operation only. It depends on the melting, 

evaporation and flushing of the surface material. Fit summary for Ds suggested that quadratic 

model is statistically significant for analysis. Table 8. 7 shows ANOV A for Ds after backward 

elimination process. The Model F-value of 193.29 implies that model is significant. There is 

only a 0.01% chance that a "Model F-Value" this large could occur due to noise. Values of 

"Prob > F" less than 0.050 indicates that model terms are significant. In this case A, B, C, D, 

AD, BC, CD, A2, B2, c2, D2are significant model terms. The "Lack of Fit F-value" of 1.02 

implies there is a 953.58 % chance that a"Lack of Fit F-value" this large value could occur 

due to noise. The "Pred R-Squared" of 0.9916 is in reasonable agreement with the "Adj R

Squared" of 0.9865. "Adeq Precision" measures the signal to noise ratio. A ratio greater than 

4 is desirable. Figure 8.9 shows that the residuals are normally distributed about a straight 

Line which means that the errors are normally distributed. It is observed from Figure 8.10 that 

all the actual values are following the predicted values. The final response equation after 

eliminating the non - significant terms for dimensional shift is as follows: 

(ln terms of actual parameters) 

Dimensional Shift = - 1963.695 + 37.021 • Ton + 1.392 • SV-1.501 • Wd-31.036 • FR -

0.173• Ton2 - 8.0454 E - 0.0277• SY2 + 0.0572 • W l+ 0.932 • FR:,z + 0.242 • Ton • W d + 

0.0193 • sv • w d -0.0343• wd • FR (8.2) 

Increase in tJ1e value of Ton results into high heat generation that increases the melting 

and evaporation of work ma1eriaJ and hence the value of D1 increases as shown by response 

surface plo1 in Figure 8.11 a. Increase in FR increases the flushing rate of eroded particles and 

hence D, increases witJ1 increasing FR and Ton. Ds increases with decrease in the value of SV 

as sbowu in Figure 8.11 b. Increasing the value of wire depth (W d) increases the effective 

sparking 011 work surface and hence mehing and erosion of the surface material increases as a 

result., D. illcreases {Figure 8.1 Jc}. The in1erac1ions among the parameters are noticed by the 

con1our plo1 on 3D surface ploL 
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Figure 8.9: Normal probability Residuals plot for SR in Trim Cutting Operation 
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Figure 8.10: Predicted vs. Actual Plot for SR in Trim Cutting Operation 
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Table 8.7: ANOVA for Ds in Trim Cutting Operation 

Sum of Degree of Mean 
Source F-value p-value 

Squares freedom Square 

Model• 3444.21 11 313.11 193.29 < 0.0001 Significant 

Ton 93.38 1 93.39 57.65 < 0.0001 

sv 24.5 1 24.5 15.12 < 0.0011 

Wd 2738 1 2738 1690.27 < 0.0001 

FR 256.88 1 256.88 158.58 < 0.0001 

Ton* FR 60.06 1 60.06 37.07 < 0.0001 

SV*Wd 60.06 1 60.06 37.07 < 0.0001 

Wd * FR 7.56 1 7.56 4 .66 0.0444 

(Ton/ 19.90 1 19.91 12.28 0.0025 

(SV)2 19.90 1 19.91 12.28 0.0025 

(Wd/ 85.01 1 85.01 52.47 < 0.0001 

(FR/ 36.01 1 36.01 22.23 0.0002 

Residual 29.16 18 1.62 

Not 

Lack of fit 21.16 13 1.63 1.0171 0.5358 
significant 

Pure error 8.00 5 1.60 

Cor. Total 3473.37 29 

R2 = 0.9916 R2 (Adj.) = 0.9865 

Pred R-Squared = 0.9751 Adeq Precision = 50.503 

149 



37 

~ 33.25 
.l: 
en 
'i 
C 

·2 
C 
Q) 

,!; 
C 

2.00 104.00 
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Figure 8.llb: Combined effect ofWd and SV on Ds (Ton: 108µs ; FR: 4L/min) 
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Figure 8.llc: Combined effect of FR and Wd on Ds (Ton: 108µs; SY: 30V) 

8.5 MULTI RESPONSE OPTIMIZATION USING DESIRABILITY FUNCTION IN 

TRIM CUTTING 

In order to obtain an optimum parametric setting for two performance characteristics, 

desirability function is utilised. The goal is to find optimal parameters' setting that maximizes 

the overall desirability function for minimum SR and Ds. Ranges and targets of inputs 

parameters namely Ton, SY, Wd and FR and the response characteristics SR and Ds are given 

in Table 8.8. 

Table 8.8: Range of Input Parameters and Responses for Desirability (SR and Ds) 

Constraints Goal Lower Limit Upper Limit Important 

Ton in range 104 112 3 

SY in range 20 40 3 

Wd In range 10 30 3 

FR In range 2 6 3 

SR Minimize 1.12 3.52 3 

Ds Minimize 14 54 3 
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8.5.1 Model 1: Surface Roughness (SR) and Dimensional Shift (Ds) 

The aim of optimization is to determine best combination of all parameters for finding the 

best results. A set of conditions corresponding to highest desirability value is selected as 

optimum condition for the desired responses. Table 8.9 shows the possible combination of 

WEDM process parameters that give the high value of desirability. 

Table 8.9: Process Parameters Combination for High Value of Desirability (SR and Ds) 

Number 
Process Parameters Predicted Response Desirability 

Ton(µs) SV(V) Wd(µm) FR(L/min) SR(µm) Ds(µm) 

1 104.31 40.00 10.00 2.15 1.13 14.000 0.992 
2 104.00 39.16 10.00 2.27 1.13 13.810 0.991 
3 104.00 40.00 10.00 2.55 1.15 12.816 0.987 
4 104.00 40.00 12.05 2.39 1.15 14.001 0.987 
5 104.00 40.00 10.60 2.67 1.16 12.871 0.982 
6 104.01 37.86 10.00 2.59 1.20 14.000 0.972 
7 104.00 40.00 10.00 5.01 1.18 14.910 0.965 

8 104.00 40.00 10.00 5.54 1.13 16.836 0.955 

9 105.31 40.00 10.00 2.00 1.20 15.514 0.955 

10 104.03 20.00 10.52 2.00 1.25 15.465 0.940 

11 104.00 20.16 10.75 2.00 1.25 15.516 0.940 

12 104.00 20.00 10.60 2.65 1.32 14.208 0.933 

13 104.18 20.00 11.12 2.00 1.27 15.715 0.931 

14 104.00 20.00 10.80 2.82 1.34 14.017 0.931 

15 104.00 20.02 10.00 3.16 1.36 13.837 0.924 

16 104.00 20.00 12.45 4.85 1.36 16.004 0.902 

17 104.00 20.00 10.89 5.29 1.33 17.312 0.895 

18 104.00 20.00 13.89 5.64 1.29 19.039 0.885 

19 109.38 40.00 10.20 2.00 1.46 16.858 0.862 

20 111.09 40.00 10.00 2.00 1.51 15.609 0.860 
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The ramp view drawn using Design Expert software shows the desirability for the output 

machining characteristics {Figure 8.12} . Bar graph shows the overall desirability function of 

the responses {Figure 8.13} . 
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Ton• 10.-.31 S\/•40.00 

10.00 30.00 2 .00 11.00 

W0•10 .0 0 FR • 2 .15 

1.1 2.11 14 

SR • 1 .12 11711 

Desirability = 0.992 

Figure 8.12: Ramp Function Graph of Desirability for SR and Ds 
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Figure 8.13: Bar Graph of Desirability for SR and Ds 
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Desirability 3D-plots are drawn keeping input parameters in range, both SR and RoC at 

minimum {Figure 8.14-8.18} . Figure 8.19 shows the contour plot of overall desirability for 

multi-machining characteristics. 
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Figure 8.14: 3D Surface Graph of Desirability for SR and Ds (Wd: IOµm; FR: 2U min) 
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Figure 8.16: 3D Surface Graph of Desirability for SR and Ds (SV: 40V; Wd: IOµm) 
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Figure 8.17: 3D Surface Graph of Desirability for SR and Ds (Ton: 104µm; FR: 2L/rnin) 
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Figure 8.18: 3D Surface Graph of Desirability for SR and Ds (Ton: 104µm; SV: 40V) 
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Figure 8.19: Contour Plot for Overall Desirability Function c,Nd: l0µm; FR: 2L/min) 

Corresponding to highest desirability, optimal combination of WEDM parameters for 
multi-machining characteristics are obtained. Confirmation experiments are conducted at this 
optimal setting and the average experimental values obtained for SR and Ds. The 
confirmatory results are very close to the predicted values that shows the goodness of the 
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proposed models and desirability approach. Table 8.1 0 shows predicted and confirmatory 

values of SR and Ds. 

Table 8.10: Predicted and Confirmatory Values of SR and Ds 

Machining 

Machining Parameters 
Characteristics 

Ton(µs) SV(V) Wd(µm) FR(L/min) SR(µm) 
Ds(µm) 

Predicted 

values 104.3 I 40.00 10.00 2.15 1.13 14.000 

confirmatory 
104 40 10 2 1.1 16 

values 

8.6 DISCUSSION 

Trim cutting operation m WEDM is performed on Nimonic 90. Two performance 

characteristics namely SR and Ds in WEDM are modelled and analysed using RSM in trim 

cutting operation. Four process parameters namely- Ton, SV, W d and FR are selected as 

variable parameters; while other parameters are kept fixed at their optimal setting in trim 

cutting operation. Face centered CCD is adopted to carry out experimental study. 

Quadratic model is proposed to determine the optimal combination of SR and Ds. Using 

response surface graphs, the developed mathematical models are able to explain the effect of 

variables on performance characteristics efficiently. Increasing the value of Ton, Wd and FR 

increases SR and Ds but increase of SV decreases the both SR and Ds. 

Using desirability function, a scale free quantity called desirability is obtained for two 

performance characteristics to optimize multi-performance characteristics. Corresponding to 

highest desirability, the optimal combination of discharge parameters are Ton: 11 0 µs ; SV 

40V; Wd: 10 µm and FR 2 L/min. Confirmation experiments prove the goodness of the 

proposed models and desirability function approach. 

Using SEM image, effect of DE on surface morphology is examined. Average 

thickness of recast layer varies from 6 µm to 12 µm is found on the machines surfaced after 

trim cutting operation. 
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CHAPTER-IX 

EXPERIMENTAL STUDY ON ROUGH AND TRIM CUT 
AND METAL POWDERS MIXED DIELECTRIC FOR 

WEDM OF NIMONIC-90 

9.1 INTRODUCTION 

In WEDM, trim cutting operation is a best option to improve the surface 

characteristics and dimensional accuracies of the machined surface. In trim cutting or 

finish cutting operation, wire electrode traces back the rough cut path with certain 

value of wire offset to remove a very small layer of work surface (Jangra, 2015; 

Sarkar et al., 2008). In rough cutting operation; spark zone is quite large as compared 

to trim cutting operation. As a result, the volume of molten metal is very high in 

rough cut which generates large pressure energy is spark zone that causes large size 

craters and cracks on work surface. In trim cutting operation, spark zone is influenced 

by WO value and discharge parameters. Therefore, using low DE parameters and 

accurate value of WO in trim cutting operation, damaged surface layer may be 

minimized or eliminated. 

In the field of die sinking EDM, many investigations have been carried out 

using powders mixed dielectric to improve the MRR and surface characteristics. In 

EDM process, conductive metal powders reduces the insulating strength of the 

dielectric fluid and thereby increases the spark gap between the tool and work-piece, 

thus, the process becomes more stable and improves the MRR and surface finish 

(Kansai et al., 2005; Sidhu et al., 2014). As per the literature available, no research 

work is to be found on powders mixed dielectric in WEDM. Therefore, the concept of 

metal powders mixed dielectric is attempted for WEDM in present work. In this 

chapter, a comparative analysis of rough and trim cut using distilled water and trim 

cut with metal powders mixed distilled water is presented. The influence of two metal 

powders namely Al and Si (varying concentration of lg/L, 2g/L and 3g/L) is an 

evaluated on CS and surface characteristics ofNimonic-90 
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9.2 EXPERIMENTAL PROCEDURE 

9.2.1 Setup for Supplying of Metal Powders Mixed Dielectric Fluid 

In rough cut operation of WEDM, the area covered by the spark zone around the wire 

electrode is large and the spark gap between wire electrode and work surface in the 

direction of cutting is very small and therefore, the dielectric fluid is used at high 

pressure to flush the eroded particles from the spark zone. If the metal powders mixed 

dielectric fluid is used at high pressure, the effect of powders additives on machining 

performance will not be justified. Also, due to the recirculation of dielectric fluid in 

WEDM setup, mixing of metal powders directly in dielectric tank (having large size ~ 

400 litres) is not economical. Therefore, the use of metal powders in dielectric fluid 

for rough cut of WEDM is quite challenging as compared to die sinking EDM where 

dielectric fluid (kerosene or distilled water) mixed with metal powders is easily 

pumped under the electrode facing the work material. However, in trim cutting 

operation, work surface in contact with wire electrode periphery is small which 

requires a laminar dielectric flow for effective sparking. Therefore, the idea of metal 

powders mixed dielectric is attempted in trim cutting operation only. 
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Figure 9.1: Experimental Setup for Powders Mixed WEDM (PWEDM) 
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A separate tank of size 40 litres is used to mix the powders in dielectric water 

and to pump the metal powders mixed dielectric fluid in trim cutting operation. Figure 
9-1 shows the experimental setup. To supply the metal powders mixed distilled water 

in trim cut operation, a small capacity water pump is connected to the upper nozzle 

through a connector pipe and the lower nozzle is disconnected from main dielectric 

tank. 

9.2.1 Machined Geometry 

Nimonic 90 as Work material is available in the form ofrectangular sheet of thickness 

12.5 .mm and the work samples are obtained in the form of rectangular punches of size 

8 mm x 6 mm x 12.5 mm. Figure 9.2 shows the geometry or the wire path that is 

followed for rough and trim cut. 
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1-2-3-4-5-6-7: Rough Cut Path 
7-8-9-10-11-12-8: Trim Cut Path 

Figure 9.2: Geometry of Wire Path for Rough and Trim Cutting Operation 

9.2.3 Machining Conditions 

Experimental work is divided into three categorised as; 

(a) Rough cutting operation performed at high DE. 

(b) Rough cut at high DE followed by a single trim cut using distilled water as 

dielectric fluid. 

(c) Rough cut at high DE followed by a single trim cut using metal powders (Al/Si) 

mixed distilled water as dielectric fluid. 

Distilled water is used as a dielectric fluid . To control the discharge energy 

across the work material, values of discharge parameters namely Ton, Toff, Ip and sv 
are varied. High flow rate of dielectric fluid is desirable in rough cutting operation for 

quick and complete flushing of the melted debris out of the spark gap. Therefore, for 

rough cutting operation, dielectric flow rate was kept at high value of 12 litres per 
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minute (LM-1). To minimize the wire consumption, wire feed rate was kept at low 

value of Sm/min. 
According to Jangra KK (2015), low DE along with a laminar dielectric flow is 

required for trim cutting operation to obtain effective spark generation for fine surface 

finish. Therefore, for trim cutting operation, a low dielectric supply is allowed 
through upper nozzle while bottom nozzle is closed. Table 9.1 shows the process 

parameters for rough and trim cutting operation. 
Table 9.1: Parameters Setting for Rough and Trim Cutting Operations 

Type of 
Operation 

Rough 
Cutting 
Operation 

Trim 
Cutting 
Operation 

Dielectric Dielectric WO Discharge Wire 

Used Conditions (µm) Parameters Electrode 
Parameters 

Distilled Dielectric High Ton:118 

water Pressure: DE Toff:43, WT:8 

High Zero Ip: 120; WF:5 
SV:25 

Flow rate: 
Upper Servo Feed: 
nozzle: 0200 
12L/M 
Lower 
nozzle: 
12L/M 

Distilled Dielectric 105 WT: 10; 
water Pressure: 

Low 
WF: 2 

Flow rate: 
Upper Ton:105; 
nozzle: Ip: I 00; Toff:30, 
3L/M SV:30 Servo Feed: 
Lower 0150 
nozzle: 
closed 

Metal Dielectric 105 
powders Pressure: 

mixed Low 

distilled Flow rate: 

water Upper 
nozzle: 
4L/M 
Lower 
nozzle: 
closed 

Ton: µs; Toff: µs; Ip: A; SV: V; Wr: N; WF: m/min; 
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Other 
Fixed 
parameters 

Work piece 
height: 
12.5mm; 
Wire 
diameter: 
250 µm; 

Wire 
material: 
Zinc coated 
brass 



9.3 RESULTS AND ANALYSIS 

Experiments are conducted for rough and trim cutting operation corresponds to the 

parameters settings mentioned in Table 9.1. The influence of these parameter settings 

for rough cut and trim cutting operation is compared for SR and surface morphology. 

Also the influence of Al and Si metal powders (with a concentration of 1 g/L, 2g/L and 

3g/L) is evaluated and compared on these characteristics. 

9.3.1 Effect on Cutting Speed (CS) 

CS represents the average speed of machining (m/min.) of work material in linear 

direction which is observed from the monitor of the machine tool. 
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Figure 9.3(a): Influence of Concentration of Metal Powders on CS for Trim Cut 

Figure 9.3(a) show a comparative chart of the CS for the experiments for trim 

cutting operation using simple distilled water and using Al and Si powders mixed 

distilled water as dielectric fluid. Increasing the concentration of metal powders in 

dielectric fluid decreases the CS remarkably as shown in Figure 9.3(a). It is observed 

that addition of both types of metal powders in distilled water resulted in improved 

and continuous sparking across the electrodes. In powders mixed EDM (PMEDM), 

CS increases due to the addition of metal powders in dielectric (Kansai et al., 2005; 

Singh et al., 2014) but in presented work CS decreases. 
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In both, EDM and WEDM, addition of metal powders reduces the insulating 

strength of the dielectric fluid and thus, increases the discharge channel for a given 

value of discharge parameters (Kansai et al., 2005). This process increases the 

melting and erosion of work material in PMEDM and hence CS increases. In case of 

trim cutting operation of WEDM, due to increase in spark radius and spark frequency, 

discharge area between wire periphery and work surface increases. This increasing 

discharge area reduces the servo feed as compared to trim cutting without metal 

powders and thus CS decreases in trim cut using metal powders mixed dielectric. The 

addition of metals powders up to the concentration of 2g/L shows a remarkable 

reduction in CS but beyond 2g/L, the reduction is very low. Because of addition of 

more metal powders, do not participate in lower down the insulating strength of 

dielectric. As compared to Al, Si powders exhibits less discharging and hence the 

reduction in CS is low for Si powders. 

9.3.2 Effect on Surface Roughness (SR) 

SR is characterized by the size and depth of the craters that are developed after the 

melting and expulsion of work material. Increasing DE increases the diameter and 

depth of surface craters resulting in high SR (Hewidy et al., 2005). 

Figure 9.4 compares the surface roughness (Ra. values) for the experiments performed 

under categories (a) and (b); that is rough cutting operations corresponding to high 

level of DE, a trim cut followed after rough cut using distilled water as dielectric fluid 

and trim cut using metals powders (Al/Si) mixed distilled water as dielectric fluid. 

SR may be improved significantly using trim cutting operation irrespective of 

high DE in rough cutting operation. In trim cutting operation, a very thin layer of 

surface material is removed at appropriate wire offset value and thereby surface 

irregularities (peaks) are minimized to improve the SR. WO has a significant impact 

on SR for trim cut (Jangra, 2015; Sarkar et al. , 2008). Decreasing the value of WO 

beyond l 25µm (radius of wire), the area of contact between wire electrode and work 

surface increases. This increases the spark frequency and which in tum increases 

melting and erosion of work material increases. Increasing WO beyond 125 µm will 

not be useful in generating the effective sparking because of large gap between wire 

electrode and work surface. Therefore, in present work, an effective WO of 105 µm is 

selected, that represent Dww of 20 µm. 
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The addition of metal powders in a concentration of 1 g/L yields best surface 

finish of 0.90 µm. Further addition of lg/L of metal powders in distilled water causes 

better spark generation and distribution on work surface, which produces shallow 

craters on machined surface. The minimum achievable SR in WEDM is limited by the 

wire electrode diameter. Smaller the wire diameter, smaller the spark radius, and thus, 

smaller surface craters. By increasing the concentration of metal powders beyond 

1 g/L, the spark frequency and spark zone increases due to the reduction in insulating 

strength of dielectric, thus SR increases. 
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Figure 9.4: Influence of Concentration of Metal Powders in Dielectric Fluid for Trim 
Cut on SR 

The melting point and resistivity for Si is high as compared to Al powders and 

sparking is low in case of Si powders mixed dielectric. Therefore, SR is low for Si 

powders. SR corresponds to 3g/L of Al powders is 1.3 µm which is equal to SR value 

obtained in trim cut without metals powders. But the surface morphology for two 

different conditions is very different as discussed in subsequent section. 

9.3.3 Surface Morphology and RCL 

Figure 9.5 (a-d) and 9.6 (a-d) shows SEM images of the machined and transverse 

surface of work samples after (a) rough cut at high DE (b) trim cut (without metal 

powders) (c) trim cut using 3g/L Al powders (d) trim cut using 3 g/L Si powders in 

dielectric fluid. It is obtained from SEM images Figure 9.5 (a) that the machined 
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surface after rough cut at high DE consists of deep and large size craters. This is due 

to the fact that high DE causes overheating and evaporation of molten metal forming 

high pressure energy that creates large size craters (Li et al. 2013) 

Figure 9.5a: SEM Image of Machined Surface after Rough Cut at High DE 

Figure 9.5b: SEM Image of Machined Surface after Trim Cut (Without Metal 

Powders) 
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Figure 9.5c: SEM Image of Machined Surface after Trim Cut using 3g/L Al Powders 
in Dielectric 

SEI 15kV WD10mm 5540 
SAi Labs. Thapar Univ, Patiala, 

x1 .000 
GMourya 

10µm 

23 Dec 2014 

Figure 9.5d: SEM Image of Machined Surface after Trim Cut using 3 g/L Si Powders 
in Dielectric 
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Figure 9.6a: SEM Image of Transverse Surface after Rough Cut at High DE 
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Figure 9.6b: SEM Image of Transverse Surface after Trim Cut (Without Metal 

Powders) 
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Figure 9.6c: SEM Image of Transverse Surface after Trim Cut using 3g/L Al 
Powders in Dielectric 
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Figure 9.6d: SEM Image of Transverse Surface after Trim Cut using 3g/L Si 
Powders in Dielectric 
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Using trim cut at low discharge parameters, a thin layer of work surface is 

removed that completely eliminates the surface layer produced in rough cut. A fine 

and uniform surface texture obtained after trim cut as shown in Figure 9.S(b). Figure 

9.S(c) and 9.S(d) shows a remarkable modification in surface textures after trim cut 

using metal powders mixed dielectric fluid. SEM image shows that the sparking on 

these surfaces is highly stable and uniformly distributed. Absence of carbon in 

Nimonic-90 and a stable sparking, gives a micro cracks free machined surface. Some 

nm sized impingements are observed on these surfaces as encircled in figure 9.S(c-d). 

This impingement may be due to the Al and Si powders that are not completely 

evaporated while sparking and thus, impinge at high pressure to the molten surface. 

Figure 9.6 (a-d) shows the RCL on machined surface after rough and trim 

cutting operations. Figure 9. 7 shows the average thickness of RCL corresponding to 

the different machining conditions. The average thickness of RCL (in µm) for high 

DE for rough cut is found to be 17.8 µm which is quite low as compared to steel 

alloys and WC-Co composites (Jangra, 2015) Trim cutting operation makes a 

remarkable reduction in thickness of RCL and is noticed from Figure 9.6(b) and 

Figure 9.7. 
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Figure 9.7: Comparison of Different WEDM Operations for Thickness ofRCL 
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Figure 9.6(c) and (d) shows the thickness of RCL for metal powders mixed 
dielectric having the powders concentration of 3g/L for Al and Si powders 
respectively• Al powders results in little increase in TRL while Si powders results in a 
small reduction in thickness of RCL. An addition of Al powders beyond lg/L results 
in increased discharge frequency and spark radius, thus, more melting and heating 
results in little increase in thickness of RCL. Due to high melting point and electrical 
resistivity of Si powders, less sparking occurs in Si powders in comparison to Al 
powders mixed dielectric. As result, thickness of RCL is low in case of Si powders 
mixed dielectric. 

Energy dispersive spectroscopic (EDS) analysis is done on machined surface 
taking a spot area of 1000 sq. µm. Figure 9.8(a-d) presents the EDS analysis of 
machined surfaces shown in Figure 9.5. Figure 9.8(a) and 9.8(b) confirmed the 
presences of Ti, Cr, Co and Ni on machined surface while the presence of Al and Si 
elements is confirmed by EDS analysis shown in Figure 9.8(c) and 9.8(d) 
respectively. 
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Figure 9.8(a): EDS Analysis of Machined Surface after Rough Cut at High DE 
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Figure 9.8(b): EDS Analysis of Machined Surface after Trim Cut 
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Figure 9.8(c): EDS Analysis of Machined Surface after Trim Cut using 3g/L Al 
Powders 
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Figure 9.8(d): EDS Analysis of Machined Surface after Trim Cut using 3g/L Si 
Powders 

9.3.4 Micro Hardness 

Micro hardness test is used to measure the extent of surface damage caused by 
thermal energy of WEDM process. Therefore, micro-hardness is measured on 

transverse section of the machined surface. Micro-hardness profiles underneath the 
machined surface is shown in Figure 9.9 for the samples under rough cut (high DE), 

trim cut without metal powders and trim cuts using Al and Si powders in dielectric 

fluid. 
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Figure 9.9(a): Micro Indent on Transverse Surface (b) Comparison of Micro-Hardness 

Underneath the Machined Surface Under Different Process Conditions. 

Profiles show that the micro-hardness is low at the machined top layer as 

compared to bulk material. This reduction is due to the thermal damage of machined 

surface which is predominately due to the pressure energy generated inside the plasma 

channel and transfer of heat energy to the work material underneath the machined 

surface causing large heat affected zone (Li et al., 2013). The top damaged layer 
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consists of RCL while heat affected zone having longer grain size as compared to the 

bulk of the work material. 

Using trim cut, this surface damage may be reduced as shown by the improved 

micro hardness profiles for trim cutting operation {Figure 8b} . It is worth to mention 

that measurement of micro hardness value corresponding to top machined layer is 

difficult because of the large surface damage at top surface that causes inaccurate 

impression of micro indent on this region. Therefore, the reading for micro hardness 

is missing up to 20 µm underneath the top layer. 

Using metal powders in dielectric fluid , the recast layer becomes smooth and 

dense as noticed from Figure 9.6(c-d). Therefore, the micro hardness improves using 

metals powders mixed dielectric fluid in trim cutting operation. In comparison to Al 

powders, Si powders results in denser machined surface and hence yields better 

machined surface. 

9.5. DISCUSSION 

This chapter presents a comparative experimental study on WEDM of Nimonic-90, 

for rough cut and trim cut without any metals powders additives and using Al and Si 

metal powders in dielectric fluid. The influence of DE for rough cut is evaluated for 

CS and SR and then, compared with trim cut without any metal powders additives in 

dielectric fluid. In succeeding experiments, influence of AI and Si metal powders in 

dielectric fluid is evaluated separately and a comparative analysis is made for CS, SR, 

RCL and micro hardness. The important findings of this chapter are summarized as 

follows : 

• The value of SR increases from 1.42 µm corresponding to the parameters of low 

DE to 3.1 µm for the parameters of high DE for rough cut. SR is improved 

significantly using trim cut irrespective of high DE for rough cut. An addition of 

metal powders in a concentration of 1 g/L yields best surface finish of 0.90 µm 

because of the better spark generation and distribution on work surface. Si 

powders yields better SR as compared to Al powders. 

• SEM images show that the machined surface after rough cut at high DE consist of 

deep and large size craters whereas a fine and uniform surface texture was 

obtained after a trim cut. Micro hardness profiles show that the top machined 

Jay er is under high thermal damages in rough cut and the extent of this damage is 
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low for trim cut operation. Al powders with a concentration of 3g/L results in 

little increase in thickness of RCL while Si powders with a concentration 3g/L 

results in a smaller TRL. 

• Using Al and Si metals powders in dielectric fluid, a remarkable modification are 

obtained for surface textures after trim cut. Using metal powders in dielectric 

fluid, the recast layer becomes smooth and dense which increases the micro 

hardness. Some nm sized impingement is observed on machined surfaces after 

trim cut using metal powders additives. 
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