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ABSTRACT

AlS D2 tool stedl are the important materials having excellent mechanical properties including
improved wear resistance and are finding extensive applications in many manufacturing industries
for preparing dies and punches. Wire Electro Discharge Machining (WEDM) is an advanced
technique employed to generate intricate shapes when heat treated tool steels are to be machined.
The efficient heat treated AIS D2 tool steel machining involves a proper selection of process
parameters to optimize the performance characteristics including Material Removal Rate (MRR)
and Surface Roughness (R,). This paper presents an investigation on the effect and optimization of
four different machining parameters on material removal rate (MRR) and Surface Roughness in
WEDM process for AlS D2 tool steel. The experimental studies were conducted under varying
peak current, pulse on time, and pulse off time and servo voltage. Taguchi experimental design
method was employed for choosing the settings of machining parameters for proper conduction of
experiments. The level of importance of each machining parameter on the performance
characteristics is determined by using analysis of variance (ANOVA). It has been found that peak
current and pulse on time are the most significant factors effecting the material removal rate and
surface roughness.

Keywords. Wire Electro Discharge Machining, Taguchi methadalysis of variance, MRR,
Surface roughness.

INTRODUCTION

AISI D2 tool steel is widely used in industries fmanufacturing dies and punches because of its
excellent mechanical properties like hardness amgtaved wear resistant characteristic (Li et al.
2010). It has been referred that the heat treatmieAISI D2 tool steel improves wear resistance
due to change in micro structural properties oflgtPas et al.2009). High toughness of these steel
make them suitable candidate for making mouldsmaadhine parts (Pujari et al.2011). AISI D2 is
one of the most widely used tool steel, which isahoy steel containing 1.5%C, 12% Cr, 0.6% V,
1% Mo, 0.6% Si, 0.6% Mn and balance Fe (S S Mahapstal. 2006). However tool steels are
difficult to machine owing to several inherent pedjes of the metals like high melting point and
low thermal conductivity for obtaining material rewal rate, good finished quality and dimensional
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accuracy. The low thermal conductivity of thesdermals does not allow the heat generated during
machining to dissipate quickly from tool edge (Hoegal. 1993). This causes high tool tip
temperatures and excessive tool deformation andr waéech affect the life of cutting tool
adversely. The use of traditional methods likealshing, milling or grinding to cut the hard metals
like D2 tool steel, it results in tool wear. Thiliese tool steel materials are difficult to machine
economically by using traditional machining techugg like turning, drilling, reaming, tapping and
grinding. These materials however can be machiyeghany non-traditional methods like plasma
cutting, water jet cutting, laser cutting but thesecesses are limited to linear cutting only. s
purpose, it has become obvious to use the WEDMegsoc The material properties of the AISI D2
tool steel are given in the Table.1.

Table.1 Material propertiesof the AlSI D2 tool steel

Property Units Value
Hardness HRC 64
Density| g/cn? 7.7

Melting point K 1694
Thermal Conductivity W/ m K 20
Modulus of Elasticity GPa 210

Compressive yield strength MPa 1650 - 2200
Modulus of elasticity GPa 190 - 210
Poisson ratia No units | 0.27-0.30
Specific Heat Capacity J/ kg K 461
Electrical resistivity pQ.m 0.65

WEDM is an important non-conventional machininggass, mainly used for machining a variety
of difficult-to-cut materials including metals arbeir alloys which have complex two and three
dimensional shapes, not possible to generate byeotional machining methods (Barry et
al.2001). It is one of the two basic types of Hieal Discharge Machining (EDM) methods,
namely Die-sinking EDM method and the Wire-Cut EDMthod (Lok et al.1997). Fig.1 shows
the basic working principle of the wire cut EDM rhae (Mc Geough et al. 1988). The working
principle of WEDM is based on erosion of the matersing a successive discrete discharges
occurring between work piece and the electrode figuet al.1997). The significance of this
technique is that no physical contact is requiretiveen the work piece and the wire electrode.
Various WEDM parameters i.e., peak current, pulséroe, pulse off time and servo voltage affect
the most important performance characteristics hamaterial removal rate and surface roughness
which affects the economics of the process andrmates the quality of the machined part.
Optimal selection of process parameters is essesitiee this is a costly process that can increase
production rate and reduce machining time (Tosual.e2004). Over the years researchers have
used different approaches to improve the performaneasures of WEDM process (11-22). Proper
selection of machining parameters for the bestggeperformance is still challenging task. Liao et
al. (1997) investigated the effect of wire eledticischarge machining on SKD11 alloy steel.
Taguchi method has been applied and identifiedghlgs-on time has a significant influence on the
MRR and gap width. Ramaswamy et al. (2004) conduate experimental investigation by using
Taguchi’s robust design approach on die steel lnygud/EDM. By using analysis of variance it
was indentified that pulse on time and ignition rent had more influence over the other
parameters. Tosun et al.(2004) in their investigatpresented the effect and optimization of
machining parameters on cutting width and matenéahoval rate in Wire electrical discharge
machining of operations. Experimental studieseswmmducted under varying pulse duration, open
circuit voltage, wire speed and die electric flughipressure. It was observed that, the wear
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increases with the increase in pulse duration geh@ircuit voltage while machining AISI 4140
steel. Mahapatra et al. (2006) made an attemphadyze the material removal rate and surface
roughness on D2 tool steel using WEDM

WIRE
WIRESUPPLY DIAMETER
WHEEL

SFARK GAF

WIRE
GUIDES TAKE-UP REEL

Fig.1 Basic WEDM principle

The relationship between control factors and respsiike MRR and SF are established by means
of non linear regression analysis resulting in &dvenathematical model. Ramakrishnan et al.
(2006) conducted experiments that were planneddyguTaguchi’'s kg orthogonal array. Three
responses namely material removal rate, surfacghreess and wire wear ratio for D3 tool steel in
WEDM process was studied. It was identified that plulse on time and ignition current intensity
had influenced more than the other parameters.ayasiri et al. (2007) investigated the effects of
machining parameters on surface roughness of widMétl DC53 die steel. The investigated
machining parameters were pulse on time, pulséro#f and wire tension. From the experiment, it
was concluded that Surface roughness increased Riuise on time and peak current increased.
Sanchez et al. (2007) also conducted similar empgris on D2 tool steel. It was found that wire
lag phenomenon is responsible for the back-wheelcein corner cutting when corner radius,
influence of work thickness was chosen as machipargmeters. Haddad et al. (2008) choose DOE
method for selection of optimal cutting parametersV\EDM of AISI D3 tool steel. From the
experimental details it was concluded that mategaloval rates can be obtained with fixed high
values of pulse on time and voltage. Kamal Jangah €2010) in his study presents optimization of
performance characteristics in WEDM using Taguamd &rey Relational Analysis. Process
parameters (pulse on time, pulse off time, peakeody wire speed and wire tension) were
investigated using mixed;gorthogonal array. Zinc coated brass wire of did5thm was used as
electrode. It was found that surface roughnesspsas when machining was done at cutting speed
of 3.8mm/min. Lokesh et al. (2013) investigated ¢filect of wire electrical discharge machining
process parameters including Pulse on time, Pudfdere, Spark gap voltage and Peak current on
D-2 tool steel using Response surface methodolddye analysis of results indicates that pulse on
time, servo voltage have the maximum effect compapilse off time and peak current. Chopde et
al. (2014) investigated the effect of WEDM parameten surface finish while machining cryo
treated AISI D2 tool steel. Taguchi method was seimo for designing and conducting the
experiments. Behavior of four control parametershsas pulse on time, pulse off time, spark gap
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voltage and peak current on machine performancéairoughness was studied using ANOVA.
From the experiment, it was concluded that theofaptilse on time (&) is the most significant
factor and spark gap voltage (SV) and peak curfightare significant factors where as pulse off
time (Tox ) IS the least significant factor in improving tearface roughness. Vates et al. (2014)
modeled the electrical parameters of WEDM of D2ebtsing RSM and artificial neural network
(ANN). A Chromium coated cylindrical copper wirevirag 0.25 mm in diameter was selected for
conducting machining operation and concluded thatase roughness is proportional to the
material removal rate.

MATERIALSAND METHOD

Experimental procedure and design of experiments
In the present work, Taguchi method, a powerfull ttwy parameter design of performance
characteristics, was used based gplan Ross et al (1985). Taguchi was used to dateroptimal
machining parameters for minimum surface roughnesssimum MRR in WEDM. Four process
variables namely currentp)) pulse on time (J,), pulse off time (Tx) and servo voltage (SV) were
chosen each at three levels as shown in Table@rAdmg to the Taguchi quality design concept, a
Lo (3% orthogonal array table with four columns and niows (corresponding to the number of
experiments) was chosen for the experiments asrshoivable.3.

Table.2 Machining Parameters and their control factorslevelsused in the experiments

Control factors

Symbols used Level 1 Level 2 Level 3 Units
A Peak Current ) 10 15 20 A
B Pulse on time (d) 105 115 125 us
C Pulse off time 75 85 95 s
(Toff)
D Servo Voltage 40 50 60 \%
(SV)

Table.3 Taguchi experimental model (Lo orthogonal array with interaction between factors)

Sl. No A B C D
1 10 105 75 40
2 10 115 85 50
3 10 125 95 60
4 15 105 85 60
5 15 115 95 40
6 15 125 75 50
7 20 105 95 50
8 20 115 75 60
9 20 125 85 40
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Experimental setup

A series of cuts were made along the length ofwvileek using WEDM machine (Maxicut-E,
Electronica Machine Tools Ltd, India) which is aufaaxis Computer Numerical Control (CNC)
type WEDM, as shown in Fig.2. WEDM consists of imae tool, power supply unit and dielectric
unit. During the experiment, work piece was hefdtibe worktable with the help of clamps and
bolts. The work piece and the wire electrode veerenected to positive and negative terminals of
power supply, respectively. Machine uses an isgtfent pulse generator with a maximum
operating current of 30 A. The maximum travel e thachine was 300 mm (X) x 400 mm (Y) X
225 mm (2).

Fig.2 Experimental Setup
Different settings of peak current)! pulse on time (J,), pulse off time (%) and servo voltage
(SV) were chosen as input parameters in the expetsn There are other factors like work piece
geometry (size and shape), thickness of metal (2§, outting length (60 mm), dielectric pressure,
wire tension (1300g) and dielectric fluid which da@ expected to have an effect on the measure of
performance and hence were kept constant througheu¢xperiments. The work piece material
used for conducting the experiments was D2 toel $ske&t was cut to dimensions

mllw[ll 1|_.IWIIILM L e e <

Fig.3 Openings made on D2 tool steel

E-3

150 x 100 x 25 mm. The chemical composition of wegk material is presented in Table 4. By
using a brass wire, which is of 0.25 mm diametarppening of square 15mm and 25 mm depth
was made as shown in Fig.3. The MRR and SR of taehined surface were the performance
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characteristics to evaluate the machining qualhtythis study. During machining the material
removal rate (mrimin) was calculated from the cutting speed datectly displayed by the
machine tool with the help of equation 1 whichhswn below:

MRR = Cutting speed x Width of cut x Height of warlece (mn¥min)

In the experiments, the surface roughness of th®ME work piece in terms of commonly used
Ra was measured by a surface roughness tester (MituBurftest SJ-201) which is shown in Fig.4.
It possesses a 0.8 mm cut off length and styldsiseof 0.0025mm. Average of readings taken at
9 places in each specimen perpendicular to directiday was chosen as surface finish value.

Fig. 4 Surfaceroughnesstester

Basically, MRR is higher-the-better and SR is lowes-better category of performance
characteristics in the Taguchi method in WEDM Psgce

Analysis and discussion of experimental results

The design matrix and the results from the expertaiglan of MRR and Rare shown in Table.5.

In order to analyze the results of the experimemias$, analysis of variance (ANOVA) was utilized
to examine the influence of cutting parameters &DWI on the MRR and Ra. If some cutting
parameters do no significantly affect the MRR apgdtiey can be fixed at the recommended values
and can be excluded in predictive model generatimh optimization process. The ANOVA was
executed and the results are shown in Table.6 abteB.

Table.5 Results of experimental runs by Taguchi Lg methods

Sl No. cErerael;]t Pli:?neeo " Putlisrﬁg ¥ v%(letr;g(j)e MRR Ra
1 10 105 75 40 5.68 5.34
2 10 115 85 50 6.38 6.65
3 10 125 95 60 6.54 7.14
4 15 105 85 60 7.80 6.78
5 15 115 95 40 8.27 8.09
6 15 125 75 50 6.94 7.61
7 20 105 95 50 7.82 7.06
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8 20 115 75 60 7.34 7.14
9 20 125 85 40 8.66 8.76

Material Removal Rate (MRR)

Table.5 shows the orthogonal array based experaheesults of material removal rate and its
corresponding signal-to-noise (S/N) ratio. Tabléest the corresponding ANOVA results, where
the contribution of each parameter was calculat¥@ewing the contribution of each parameter
given in the table, it is found that peak currentnithates the performance characteristics of the
material removal rate, contributing to almost 758toflved by the pulse on time 12%. The S/N
response graph in Fig.5 shows that MRR increasttsimgrease in peak curreng)(end pulse on
time (Ton). As the current is increased a greater amouehefgy is supplied for cutting operation
because of which a increase in cutting speed isrebd. Increase in the current value will increase
the pulse discharge energy which in turn can im@rthe cutting rate further. In other words,
higher peak current is the key factor to obtaintigler material removal rate in the WEDM of D2
tool steel. Pulse on time is directly proportiot@lcutting speed. The pulse off timey,{)l and
servo voltage (V) can be regarded as less signifigearameters owing to their percentage
contributions being smaller than those of peak entrr(L) and pulse on time gf).

Table.5 Experimental resultsfor the Material Removal Rate and S/N ratio

Exp A B C D MRR SN
1 10 105 75 40 5.68 15.087
2 10 115 85 50 6.38 16.096
3 10 125 95 60 6.54 16.311
4 15 105 85 60 7.80 17.841
5 15 115 95 40 8.27 18.350
6 15 125 75 50 6.94 16.827
7 20 105 95 50 7.82 17.864
8 20 115 75 60 7.34 17.313
9 20 125 85 40 8.66 18.750

Table.6 Analysis of variance (ANOVA) resultsfor the Material Removal Rate (MRR)

Factor S raflo (98) Degfree Sum of Variance Contribution
Levell Level2 Level3 ¢ 4o, Square (%)
A 15.83 17.67 17.98 2 5.2614 2.630 75.92
B 16.93 17.25 17.30 2 1.7186 0.859 12.41
C 16.41 17.56 17.51 2 0.3686 0.184 08.62
D 17.40 16.93 17.16 2 0.1338 0.066 03.05
Total 8 7.4824 100
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Main Effects Plot for SN ratios
Data Means

C D
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75 85 95 40 50 60

Mean of SN ratios
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Fig.5 S/N graph for the Material Removal Rate

Surface Roughness (SR)

Surface roughness with its S/N ratio and the cpoeding ANOVA results are listed in Table.7
and Table.8 respectively. The S/N response grapgfigure 6 shows that the surface roughness
decreases upon decreasing the peak currgnartl pulse on time gf). It can be said that peak
current (p) and pulse on time gf) have significant effects on surface roughnes#/&EDM of the

D2 tool steel. These two parameters affect theggnaput and it can be said that at lower energy
input the surface finish improves.

Table.7 Experimental resultsfor the surface roughness and the SIN ratio

Exp A B C D Ra SIN
1 10 105 75 40 5.34 -14.550
2 10 115 85 50 6.65 -16.456
3 10 125 95 60 7.14 -17.074
4 15 105 85 60 6.78 -16.624
5 15 115 95 40 8.09 -18.159
6 15 125 75 50 7.61 -17.627
7 20 105 95 50 7.06 -16.976
8 20 115 75 60 7.14 -17.074
9 20 125 85 40 8.76 -18.850

Table.8 Analysis of variance (ANOVA) resultsfor the surfaceroughness (Ry)
Eactor SN ratio (dB) Degfree Sum of Variance Contribution
Levell Level2 Level3 freedom = SAuare (%)

A -9.309 -8.252  -6.156 2 1.400 0.570 64.83
B -9.148  -7.671  -6.919 2 0.490 0.245 24.59
C -7.221  -7.228  -9.289 2 0.653 0.326 04.56
D -7.407  -7.708  -8.623 2 0.211 0.105 06.02

Total 8 2.7559

50



B. Kiran Kumar et al J. of Eng. & Techn. Res., 2014, 2(6):43:52

Main Effects Plot for SN ratios
Data Means

\

A [ D
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Fig.6 S/N graph for the surfaceroughness
CONCLUSION

An investigation on the effect of machining paraengton the material removal rate and surface
roughness in WEDM operations for D2 tool steel iesspnted. Experiments were conducted to
study the performance characteristics of varioushiming parameters on material removal rate and
surface roughness using Taguchi method. Leveahpbrtance of the machining parameters on the
MRR and R was determined by using analysis of variance.e8ams the investigations performed
the most significant parameters on both MRR apd/&e found be peak current and pulse on time,
whereas pulse off time and servo voltage weredésstive factors. Both MRR and,fhcrease or
decrease simultaneously. In other words high MRR be obtained at cost of surface finish.
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