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ABSTRACT 

Wire electrical discharge machining (WEDM) is a non-traditional metal cutting procedure and the overall 

cutting process is contactless between the wire and work material. A plasma channel is created by the 

electrical energy between work piece and wire, which convert the electrical energy into thermal energy and 

the temperature rises (8000°C to 12000°C). Due to this mechanism, metal is melted from the upper surface 

of work piece. Generally difficult to machine material is used to cut in WEDM. However, stainless steel 

(SS) is one of them, it is a metal alloy, which is mixed with steel and other elements such as chromium 

(Cr), nickel (Ni), molybdenum (Mo), silicon (Si), carbon (C), nitrogen (N2), and manganese (Mn) etc. SS 

has some excellent properties, such as high durability, high tensile strength, and corrosion resistant etc. 

Due to these properties SS is mainly used in automobile industries, biogas tank, combustion chamber and 

petrochemical industries etc. The present paper discussed about the machining of different SS grades in 

WEDM and effect of several input parameters (such as pulse on time (Ton), pulse off time (Toff), servo 

voltage (SV), wire feed (WF) etc.) on response parameters (such as material removal rate (MRR), surface 

roughness (SR), kerf width (KW) etc.). The review paper also reports the uses of different optimization 

techniques (such as taguchi technique (TT), response surface method (RSM), gray relational analysis 

(GRA) etc.) on various SS grades for optimizing the response parameters on the basis of different input 

variables. Furthermore, the research shows how to vary the value of output responses corresponding to 

input parameters value. 
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1. INTRODUCTION 

Stainless steel (SS) is erosion resistant at high temperatures, and provided high strength, therefore, 

manufacturers started to use SS in industries (bulk materials handling apparatus, building outsides and 

roofing equipment, automobile devices, chemical processing plants, petroleum refineries, shipbuilding and 

marine industry, pollution control equipment, and transportation machinery). SS is made of some primary 

components which is generally found in the earth’s crust (iron ore, chromium, silicon, nickel, carbon, 

nitrogen, and manganese etc.). Normally, SS can be classified into five categories according to their 

metallurgical structure, these are (i) Austenitic SS (304, 316 etc.), (ii) Martensitic SS (410, 420 etc.), (iii) 

Ferritic SS (409L, 410L etc.), (iv) Duplex SS (X2CrNiN22-2, X2CrNiN23-4 etc.) and (v) Precipitation 

hardening SS (17-4 PH, 17-7 PH etc.). During traditional machining (such as Lathe, drilling etc.), SS 

undergoes some difficulties like formation of long chip which gives rise to built up edge (BUE) on rack 

faces, and it increased the cutting tool wear rate and reduced the quality of surface integrity of work piece 

to a great extent. However, to overcome these difficulties non-conventional (EDM, WEDM, ECM etc.) 

machining is adopted. WEDM is one of them, it is basically used to cut difficult shapes [1]. In WEDM, 

wire is connected to the -ve terminal which is known as the cathode; however, the workpiece is connected 

to the +ve terminal which is known as the anode. Furthermore, deionized water is used as a dielectric fluid, 

its cooling rate and low viscosity [1, 2]. During the cutting operation ions combine together and sparks are 

created [3]. For this reason, WEDM is also known as the spark erosion machining process. The gap 

(0.025mm-0.05mm) is required between wire and work piece [4] to generate the spark and then 

temperature increased (8000°C-12000°C) [5]. The wire is made by zinc or brass or molybdenum etc. and 

the wire diameter’s is vary 0.05mm - 0.30 mm [6-8]. In WEDM, up to 300 mm thick work piece can be 

machined with close tolerance of ±0.0001mm [1]. Figure 1. shows the basic working principle of WEDM 

process. The major limitation of this process is, only conductive materials (such as copper, gold, silver, 

etc.) are applicable for machining [9]. 

 

Figure 1. Working principle of WEDM 
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However, lots of studies have been done on WEDM process with different materials, but limited research 

reported about the machining of various SS grades. The goal of the current study is to show an overall view 

of SS grades machining using WEDM and to improve the outcomes i.e., material removal rate (MRR), 

surface roughness (SR), kerf width (KW) etc. on input parameters i.e., current (C), servo voltage (SV), 

pulse on time (Ton), pulse off time (Toff) etc. using different optimization techniques (OT). Because, 

selection of input parameters value which can improve output parameters value would be very difficult 

without a proper OT. Many researchers have been used several OT’s, such as grey relational analysis 

(GRA), artificial neural network (ANN), taguchi technique (TT), response surface method (RSM), and 

fuzzy theory (FT) etc. to improve the response parameters. This paper is a review paper on several grades 

of SS machining by WEDM and it shows the parametric optimization of different SS grades using different 

types OT’s. 

2. VARIOUS GRADES OF SS   

SS shares some unique characteristics (such as high tensile strength, very durable, recyclable, long lasting 

etc.). Due to its versatility, durability and affordability SS production continue to increase around the world 

year after year. However, SS is not a single alloy, it combines with various metals alloys such as Cr 

(minimum 11%), Ni and Mo. Generally, SS can be classified into five categories according to their 

metallurgical structure. Figure 2. shows the classification of SS and their uses. 

 

Figure 2. Classification of SS and their uses 

2.1. Austenitic SS 

Austenitic is a nonmagnetic [10] and when more Ni percentage is added then SS metallurgical 

structure changes (body centered cubic (BCC) to face centered cubic (FCC)). Austenitic SS is used for 

making of industrial equipment’s, surgical equipment’s, nuclear vessels etc.[11]. The steel is formable, 

weldable, has high corrosion resistance and oxidation resistance. It can be used  (-150°C to -273°C) to 

(<460°C), Austenitic SS is extensively used among other SS grades and mostly used austenitic 200 series 

(201, 202, 205 etc.) and 300 series (301, 302, 303, 304, 304L, 316, 316L etc.) in industries [12]. Apart 
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from this SS 316L is widely used in modern industry which has extra corrosion resistance due to its high % 

of Cr and Ni and low C% [13]. Some Austenitic SS grades are tabulated in Table 1. 

 

Table 1. Grades, chemical compositions, and mechanical properties of Austenitic SS. 

AISI 

numb

er 

UNS 

numb

er 

EN 

numb

er 

Chemical composition 

(% in weight) 

Mechanical 

properties 

Physical 

properties 

301 S301

00 

1.431

0 

Cr=16.00-18.00, 

Ni=6.00-8.00, 

Mn=2.00, C=0.15, 

S=0.03, P=0.045, 

Si=1.00. 

σt=758 MPa, 

γ=276 MPa, 

µ=0.27-0.28, 

HRB=86. 

ϼ=7.88 g/cm3, 

E=193 GPa, 

Mtemp=1399°C-

1421°C. 

302 S302

00 

 

1.431

0 

Cr=17.00-19.00, 

Ni=8.00-10.00, 

Mn=2.00, C=0.15, 

S=0.03, P=0.045, 

Si=1.00. 

σt=620 MPa, 

γ=275 MPa, 

µ=0.27-0.3, 

HRB=85. 

ϼ=7.90 g/cm3, 

E=19 GPa 

Mtemp=1399°C-

1421°C. 

303 S303

00 

1.430

5 

Cr=17.00-19.00, 

Ni=8.00-10.00, 

Mn=2.00, C=0.10, 

S=0.35, Si=1.00. 

σt=690 MPa, 

γ=415 MPa, 

µ=0.25, HRB=96. 

ϼ=7.80 g/cm3, 

E=193 GPa, 

Mtemp=1400°C-

1420°C. 

304 S304

00 

1.430

1 

Cr=18.00, Ni=8.00, 

Mn=2.00, N=0.10, 

C=0.08, S=0.03, 

Si=0.75, P=0.045. 

σt=515 MPa, 

γ=205 MPa, 

µ=0.29, HRB=92. 

ϼ=8.00 g/cm3, 

E=195 GPa, 

Mtemp=1399°C-

1454°C. 

304L S304

03 

1.430

7 

Cr=18.00, Ni=8.00, 

Mn=2.00, N=0.10, 

C=0.03, S=0.03, 

Si=0.75, P=0.045. 

σt=485 MPa, 

γ=170 MPa, 

µ=0.28, HRB=92. 

ϼ=8.03 g/cm3, 

E=195 GPa, 

Mtemp=1400°C-

1450°C. 

316 S316

00 

1.440

1 

Cr=16.00-18.50, 

Ni=0.00-14.00, 

Mn=2.00, Mo=2.00-

σt=515 MPa, 

γ=205 MPa, 

µ=0.27-0.28, 

ϼ=7.99 g/cm3, 

E=193 GPa, 

Mtemp=1371°C-
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3.00, Si=1.00, N=0.10, 

C=0.08, P=0.05, 

S=0.03. 

HRB=95. 1399°C. 

316L S316

03 

1.440

4 

Cr=16.00-19.00, 

Ni=10.00-15.00, 

Mn=2.00, Mo=2.00-

3.00, Si=1.00, C=0.03, 

S=0.03, P=0.05. 

σt=485 MPa, 

γ=170 MPa, 

µ=0.27-0.3, 

HRB=95. 

ϼ=7.99 g/cm3, 

E=193 GPa, 

Mtemp=1390°C-

1440°C. 

2.2. Martensitic SS 

Martensitic SS is a hard form of crystalline structure. There is a distinct similarity of its crystalline 

structure with Ferritic steel grades body center tetragonal (BCT) crystal lattice. This steel has some 

properties (such as high hardness, high strength etc.) [14]. Among the martensitic SS, AISI 410, AISI 420, 

AISI 431 etc. are the most common grades. Martensitic SS is basically used for producing pump, valve, 

blade, ball bearing etc. and it can be classified into two categories according to their C%. First one is high 

carbon Martensitic SS (C% range is 0.61-1.50), another is low carbon Martensitic SS (C% range is 0.05-

0.25). Some Martensitic SS are shown in Table 2. 

Table 2. Grades, chemical compositions, and mechanical properties of Martensitic SS. 

AISI 

number 

UNS 

number 

EN 

number 

Chemical 

composition (% wt.) 

Mechanical 

properties 

Physical 

properties 

410 S41000 1.4006 Cr=11.80, Ni=0.50, 

Mn=0.40, Si=0.30, 

C=0.14, P=0.04, 

S=0.01. 

σt=290 MPa, 

γ=510 MPa, 

µ=0.28-0.29, 

HRB=81. 

ϼ=7.74 g/cm3, 

E=200 GPa, 

Mtemp=1480°C-

1530°C. 

420 S42000 1.4021 Cr=12.80, Ni=0.50, 

Mn=0.40, Si=0.40, 

C=0.38, P=0.04, 

S=0.01. 

σt=700-950 MPa, 

γ=500 MPa, 

µ=0.28, HRB=87. 

ϼ=7.73 g/cm3, 

E=200 GPa, 

Mtemp=1454°C-

1510°C. 

431 S43100 1.4057 Cr=15.00-17.00, 

Ni=1.25-2.50, Mn=1, 

Si=1.00, C=0.20, 

P=0.04, S=0.03. 

σt=800-950 MPa, 

γ=600 MPa, 

µ=0.28-0.29, 

BHN=295. 

ϼ=7.80 g/cm3, 

E=200 GPa, 

Mtemp=1482°C . 
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440C S44004 1.4125 Cr=17.00, Mn=1.00, 

Si=1.00, C=1.10, 

Mo=0.75. 

σt=760-1970 MPa, 

γ=450-1900 MPa, 

µ=0.27-0.30, 

HRB=97. 

ϼ=7.80 g/cm3, 

E=200 GPa, 

Mtemp=1483°C. 

2.3. Ferritic SS 

Ferritic SS contains higher Cr (10-30%) than Martensitic SS. It has excellent corrosion resistance, elevated 

temperature oxidation resistance, and higher strength etc. In metallurgical structure this steel has body 

centered cubic (bcc) crystal structure. Among the Ferritic grades AISI 409L, AISI 430, AISI 439 grades are 

basically used for manufacturing valve, combustion chamber, automotive exhaust etc. Some common 

grades of Ferritic SS are shown in Table 3. 

Table 3. Grades, chemical compositions, and mechanical properties of Ferritic SS. 

AISI 

number 

UNS 

number 

EN 

number 

Chemical 

composition (% 

wt.) 

Mechanical 

properties 

Physical 

properties 

409 S40900 1.4512 Cr=10.50-11.70, 

Ni=0.50, Mn=1.00, 

Si=1.00, C=0.03, 

P=0.04, S=0.02, 

N=0.03, Ti=0.15-

0.50. 

σt=360 MPa, 

γ=175 MPa, 

µ=0.28, HRB=88. 

ϼ=7.75 g/cm3, 

E=200 GPa, 

Mtemp=1425°C-

1510°C. 

409L S409L00 1.4512 Cr=10.50-11.70, 

Ni=0.50, Mn=1.00, 

Si=1.00, C=0.03, 

P=0.04, S=0.02, 

N=0.03, Ti=0.50, 

Nb=0.17. 

σt=380 MPa, 

γ=170 MPa, 

µ=0.28-0.29, 

HRB=88. 

ϼ=7.80 g/cm3, 

E=200 GPa, 

Mtemp=1454°C. 

430 S43000 1.4016 Cr=16.00-18.00, 

Ni=0.75, Mn=1.00, 

Si=1.00, C=0.12, 

P=0.04, S=0.03. 

σt=450 MPa, 

γ=205 MPa, 

µ=0.28-0.29, 

HRB=89. 

ϼ=7.74 g/cm3, 

E=200 GPa, 

Mtemp=1425°C-

1510°C. 
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410S S41008 1.4000 Cr=11.50-13.50, 

Ni=0.60, Mn=1.00, 

Si=1.00, C=0.08, 

P=0.04, S=0.03. 

σt=415 MPa, 

γ=205 MPa, 

µ=0.27-0.30, 

HRB=89. 

ϼ=7.76 g/cm3, 

E=200 GPa, 

Mtemp=1482°C-

1532°C. 

439 S43932 1.4510 Cr=17.00-19.00, 

Ni=0.50, Mn=1.00, 

Si=1.00, C=0.03, 

P=0.04, S=0.03, 

N=0.03, Al=0.15, 

Ti+Nb=0.75. 

σt=415 MPa, 

γ=205 MPa, 

µ=0.27-0.29, 

HRB=89. 

ϼ=7.70 g/cm3, 

E=193 GPa, 

Mtemp=1505°C. 

2.4. Duplex SS 

Duplex SS steel is a combination of γ Austenite (fcc lattice) and α Ferrite (bcc lattice) in phases. It has high 

strength, low thermal conductivity, and good corrosion resistance (because of high% Mo) [15]. Duplex SS 

is mainly used for making infrastructure, pressure vessels, water and biogas tank etc. This steel can be 

classified into four categories i.e., Lean Duplex SS (2101, 2102, 2404), Duplex SS (2205, 2304, 2003), 

Super Duplex SS (2507, Z100, 255) and Hyper Duplex SS (2707) [16]. The Duplex SS is not as expensive 

as other popular SS grades, because it has less quantity of Ni, moreover, equivalent quantity of Ferrite SS 

and Austenite SS. Few Duplex SS are shown in Table 4. 

Table 4. Names, chemical compositions, and mechanical properties of Duplex SS. 

Duplex 

SS 

UNS 

number 

EN 

number 

Chemical 

composition (% wt.) 

Mechanical 

properties 

Physical 

properties 

DX 

2202 

S32202 1.4062 Cr=21.50-24.00, 

Ni=1.00-2.90, 

Mn=2.00, Si=1.00, 

C=0.03, P=0.04, 

S=0.01, N=0.16-0.28, 

Mo=0.45. 

σt=770–800 MPa, 

γ=530 MPa-630 

MPa, µ=0.27, 

BHN=290. 

ϼ=7.70 g/cm3, 

E=200 GPa, 

Mtemp=1380°C-

1430°C. 

2507 S32750 1.4410 Cr=24.00-26.00, 

Ni=6.00-8.00, 

Mn=2.00, Si=1.00, 

C=0.03, P=0.04, 

σt=850 MPa, 

γ=600 MPa, 

µ=0.27, 

BHN=260. 

ϼ=7.81 g/cm3, 

E=200 GPa, 

Mtemp=1400°C-

1450°C. 
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S=0.01, N=0.24-0.35, 

Mo=3.00-4.50. 

2304 S32304 1.4362 Cr=22.00-24.50, 

Ni=3.50-5.50, 

Mn=2.00, Si=1.00, 

C=0.03, P=0.04, 

S=0.01, N=0.50-2.00, 

Mo=0.10-0.60. 

σt=600-830 MPa, 

γ=400 MPa, 

µ=0.27, 

BHN=230. 

ϼ=7.70 g/cm3, 

E=200 GPa, 

Mtemp=1380°C-

1420°C. 

2205 

UR45N 

S32205 1.4462 Cr=21.00-23.00, 

Ni=4.50-6.50, 

Mn=2.00, Si=1.00, 

C=0.03, P=0.04, 

S=0.02, N=0.10-0.22, 

Mo=2.50-3.50. 

σt=780 MPa, 

γ=520 MPa, 

µ=0.27, 

BHN=240. 

ϼ=7.80 g/cm3, 

E=200 GPa, 

Mtemp=1400°C-

1450°C. 

 

2.5. Precipitation Hardening (PH) SS 

Precipitation hardening SS contains of Ni and Cr [17]. However, this SS grade is a mixture of Martensitic 

and Austenitic properties. After machining the grade, low temperature heat treatment can be applied to 

elevate its strength. For its strength criteria Precipitation hardening SS finds its extensive use in aerospace 

industries. Based on its microstructure (pre heat treatment), SS (PH) can be classified into three categories, 

i.e., Martensitic (17-4 PH,), semi-Austenitic (17-7 PH), and Austenitic (A-286). Some PH SS grades are 

shown in Table 5. 
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Table 5. Grades, chemical compositions, and mechanical properties of Precipitation hardening (PH) SS. 

AISI 

number 

UNS 

number 

EN 

number 

Chemical 

composition (% wt.) 

Mechanical 

properties 

Physical 

properties 

630 S17400 1.4542 Cr=15.00-17.00, 

Ni=3.00-5.00, 

Mn=1.50, Si=0.70, 

C=0.07, P=0.04, 

S=0.02, Mo=0.60. 

σt=880–1470 

MPa, γ=580 Mpa-

1300 MPa, 

µ=0.28, 

BHN=260. 

ϼ=7.80 g/cm3, 

E=200 GPa, 

Mtemp=1380°C-

1430°C. 

631 S17700 1.4568 Cr=16.00-18.00, 

Ni=6.50-7.75, 

Mn=1.00, Si=1.00, 

C=0.09, P=0.04, 

S=0.03, Al=0.75-

1.50. 

σt=1180-1650 

MPa, γ=430 MPa-

650 MPa, µ=0.28, 

BHN=180–430 

HB. 

ϼ=7.70 g/cm3, 

E=200 GPa, 

Mtemp=1400°C-

1440°C. 

3. IMPORTANT PARAMETERS IN WEDM 

In WEDM, machining of material is entirely dependent over the use of various input parameters. The 

output parameters are dependent over these input parameters. Deferent types of input parameters and 

output parameters are shown in Figure 3.  

 

Figure 3. Parameters of WEDM 

3.1. Input parameters 

The main input parameters are shown in below. 
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• Pulse on time (Ton): When current is applied between the work piece and the wire, then spark is 

occurred and material is melted, this sparking time duration is called Ton and measurement unit is 

microsecond (µs). 

• Pulse off time (Toff): When no current is applied between the wire and the work piece is called Toff. 

The measuring unit of Toff is microsecond (µs).  

• Arc on time (Aon): When voltage is applied between work piece and wire then sparking is going 

on, this time is called Aon. It’s measuring unit is microsecond (µs). 

• Arc off time (Aoff): When no spark i.e., no discharge is occured between work piece and wire is 

called Aoff. The measuring unit of Aon is microsecond (µs). 

• Wire feed (WF): A unit of wire length passing through a point per unit time is called WF and 

measuring unit of WF is millimeter/minute. 

• Wire tension (WT): The tensile force of wire in between the upper nozzle and the lower nozzle is 

named as WT and measuring unit of WT is gram (gm) or Newton (N). 

• Servo voltage (SV): The working voltage is SV and its measuring unit is volt (v). 

• Water pressure (WP): An amount of perpendicular force applied on an object per unit area, is 

called as WP and it’s measuring unit is Pascal (Pa). 

• Discharge energy (DE): For spark when the material is removed then electrical energy is available 

between tool and the specimen. It depends on the level of discharge energy/pulse. It can be measured with 

the help of the following equation (1)[18] and it’s measuring unit is Joule (J).  

𝐷𝐸 =  ∫ v ×  i ×  dt ≅ v × i ×
𝑡𝑑

0

t𝑑                                                                                                                            (1) 

Where, td= discharge time, i = discharge current, v = discharge voltage.  

3.2 Output parameters 

The output parameters are shown in below. 

• Material removal rate (MRR): It can be expressed as the amount of material eroded per unit time.  

However, it offers the rate of cutting is quick or slow, which is very vital to regulate the mass production. 

Measuring unit of MRR is millimeter3/minute. When SV is higher, MRR is lower and when Ton is higher 

then, MRR is also higher. MRR is calculated by the following equation (2) [19, 20]. 

𝑀𝑅𝑅 = 𝑐𝑢𝑡𝑡𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ×  𝑘𝑒𝑟𝑓 𝑤𝑖𝑑𝑡ℎ × 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑗𝑜𝑏                                                            (2) 

• Surface roughness (SR): SR is calculated by the deflection of the normal vector to a real surface 

of work piece. If the measured deflection is higher, then the surface quality is rough, if the measured 

http://www.ijsrem.com/
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deflection is lower, then the surface quality is smooth. The measuring unit of SR is micrometer (µm) and it 

can be measured by the surface roughness tester apparatus [21]. 

• Kerf width (KW): After the machining operation of material, the cutting width is called KW and it 

controls the dimensional accuracy of the machining product [22]. The measurement of KW is done by 

optical microscope and measuring unit is micrometer (µm) [20]. KW is calculated by the equation (3) [23]. 

𝐾𝑊 =  𝑤𝑖𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 

+  (2 × 𝑆𝑝𝑎𝑟𝑘 𝑔𝑎𝑝)                                                                                                                       (3) 

• Recast layer thickness (RLT): RLT is formed in the work piece’s top surface [24], when the 

machining is going on then the spark creates between wire and job, as a result in a sudden rise in localized 

heat which melts the cutting surfaces to an extent followed by rapid quenching due to the presence of 

dielectric fluid. This phenomenon produces a surface layer that resembles the cast state, and is known as an 

RLT. It’s measurement unit is micrometer (µm) and it can be measured by scanning electron microscopy 

(SEM) [24]. 

• Wear wire rate (WWR): It is the ration of wire weight loss (WWL) and wire initial weight 

(IWW), calculated by the following equation (4) [25].  

        𝑊𝑊𝑅 = 𝑊𝑊𝐿/

𝐼𝑊𝑊                                                                                                                                                (4) 

• Over cut (OC): After the cutting, the width of cutting is slightly higher than the wire diameter 

because of spark diameter variation. OC can be measured and it’s measuring unit is millimetre (mm). The 

following equation (5) [26] is help to calculate the OC. 

𝑂𝐶 =  
𝐾𝑊−𝑤𝑖𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2
                                                                                                                                                 (5) 

• Micro hardness (MH): Hardness is a property of material; it defines the resistance under a static 

load of metal. After cutting, the material’s MH is measured by the micro hardness tester machine with the 

dwell time and a minor load. Basically the test is done by Vickers Hardness tester [27]. It’s measuring unit 

is HV and hardness is calculated by the following equation (6) [28]. 

𝐻𝑉 =

 
2 𝐹 𝑠𝑖𝑛(

136°

2
)

𝑑×𝑑
                                                                                                                                                              (6) 

Where, F is the applied load and d is the diagonals (two) mean of a squared pyramid which has an angle of 

136°. 

However, the present review paper is mainly focused on machining of different SS grade in WEDM. 

Therefore, required useful input parameters which can be improved output parameters value. Furthermore, 
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for finding the optimum value of output parameter, suitable selection of OT is most important. Various 

types of OT’s are elaborated below. 

4. OPTIMIZATION TECHNIQUE (OT) 

Presently the manufacturing industries focus on assembling a good quality product with minimum price 

and lesser time. Therefore, to fulfill the requirements used various types of OT’s [29] is needed. Thus, the 

choice of appropriate machining parameter is critical to achieve the best outcomes. Figure 4. shows the 

numerous types of OT’s. 

 

Figure 4. Numerous types of OT  

4.1. Taguchi technique (TT) 

Taguchi technique (TT) is robust a design method and it developed by Dr. Genichi Taguchi in1940’s [30]. 

The technique develops the quality of existing products and processes and at the same time decreases their 

costs [31]. TT accomplishes this by creating the process performance to differentiate factors such as 

metals, manufacturing apparatus, and conditions related to its operations. TT mentions a three stage 

process such as the design of the system, design of parameter and design of tolerance [31]. This method is 

used for estimating and improvement of products, which improved the based on significant variables and 

controlled the process, and also improved the procedure to yield the optimum values. Furthermore, TT 

mentions an orthogonal array (OA) for lying out of testing. Therefore, Design of experiment (DOE) is used 

to select the most appropriate OA. After that analysis of variance (ANOVA) is used for determining the 

percentage influence of each process parameter against the response parameter. Furthermore, TT is used as 

a statistical measure of performance which is called signal to noise ratio (S/N). The S/N ratio can be used 

to measure the deviation of the response parameters from the input variables. There are three classifications 

of S/N ratio’s shown in the following equation numbers 7-9 [31]. 

1. Larger is the better- 

𝑆

𝑁 
= -10log (

1

𝑛
∑

1

𝑌𝑖
2

𝑛

𝑖=1
)                                                                                                  (7) 

http://www.ijsrem.com/
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2. Smaller is the better- 

𝑆

𝑁
= -10log (

1

𝑛
∑ 𝑌𝑖

2𝑛

𝑖=1
)                                                                                                   (8) 

3. Nominal is the better- 

𝑆

𝑁
= -10log (

𝑦

𝑆𝑦2
)                                                                                                               (9) 

Where Yi = tentatively watched worth, n = repeated number of each examination, y = normal of watched 

information, and Sy
2 =difference of Yi for each kind of attributes. 

4.2. Response surface method (RSM) 

RSM is introduced by E.P. Box and K.B. Wilson in 1951 [31]. The 1st and 2nd order polynomial models are 

used to estimate the problems, these are shown below [40]. However, RSM is mainly used for making a 

model and to generate a relation between input parameter and output parameter [31]. For this reason, 

required two equation which is shown below. 

𝑌 = 𝛽0 + ∑ 𝛽𝑖
𝑘
𝑖=1 𝑥𝑖 + 𝜉                                                                                                          (10) 

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑘
𝑖=1 + ∑ 𝛽𝑖𝑖

𝑘
𝑖=1 𝑥𝑖

2 + ∑ 𝛽𝑖𝑗

𝑘

𝑖,𝑗=1 𝑖=𝑗
𝑥𝑖𝑥𝑗 + 𝜉                                      (11) 

Where Y = mistake, xi = linear input factors, xi
2 and xixj are the squares and association term. The 2nd order 

unknown coefficients are β0, βi, βj and βii. 

4.3. Fuzzy theory (FT) 

 

FT is discovered by Lotfi Zadeh in 1965 [32], the technique is a mathematical modeling technique and it 

calculated by the membership functions. The correlation between process parameters and response 

parameters is described by a set of language statements. FT numbers are correlated with a number of fuzzy 

sets for every input variable. It has some conditional statements (If-Then rules) [35] and multiple 

statements are joined by “And” rule. The output of FT will be a single scalar quantity. Defuzzifying is the 

transformation of fuzzy quantity and fuzzifying is the transformation of a precise quantity which is useful 

in FT. The popular seven types defuzzifying methods are (a) centroid method, (b) average weight method, 

(c) mean of maxima, (d) membership method, (e) center of sums method, (f) center of largest area method, 

(g) first (or last) of maxima method [32]. Defuzzification technique selection is difficult and has an 

important influence on the speed and correctness of the fuzzy model. Generally centroid (for 

defuzzification) method is used because it offers more accurate results than others and appropriate for a 

multi-dimensional fuzzy problem. 

 

http://www.ijsrem.com/
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4.4. Artificial neural network (ANN) 

In the year of 1975 Paul J.Wearbos’s described the multi-layer networking process of back propagation 

algorithm enabled practical training [33]. ANN is a modeling tool which uses a software computing 

technique to solve non-linear complex problems. Also ANN has abilities of learning to map between the 

input variables and the performance parameters [32]. The technique is similar to the human brain’s neuron 

system and it collects data by a learning process [34]. An ANN can solve the tough problems whose 

analytical or numerical solutions are difficult. Usually, ANN’s design has three layers, first one is how 

layers are organized and how they are connected to each other. Second one is how data is stored, next is 

how the ANN produces responses for input variables. The procedure of ANN includes the input data of the 

network, the hidden layer’s number with neurons and an output layer. Generally, ANN can be classified 

into two categories. One is feed forward (FF) and another is back propagation networks (BPN). FF 

networks flow in a sequence from the input nodes to the output nodes. In a BPN, signals may spread from 

any output neuron to any input neuron. The network diagram of ANN is appeared in figure 5. 

 

Figure 5. Bubble diagram of ANN technique 

4.5. Gray relational analysis (GRA) 

GRA is invented by Julong Deng in 1982 [31]. The technique is used to solve the complex inner 

relationships among the various performance parameters [32] and multi objective optimization problems 

[35]. The system does not need adequate evidence to compute the behavior of an uncertainty system with 

distinct data problems. GRA technique includes with three colors, first one is black i.e. when no 

information is available. The second one is white i.e. when all information’s are available and last one is 

grey system i.e. when information’s are imperfect. The main advantage of GRA is, its calculation steps are 

easy. For this, GRA is used in the engineering and management region. The calculating steps of GRA has 

three conditions: 

First step: Three main conditions are listed below with equation number (12 - 14) [31]. 

http://www.ijsrem.com/
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1. Lower is the better  

𝑥𝑖
∗(𝑘)  =

𝑥𝑖 (𝑘)−𝑚𝑖𝑛 𝑥𝑖 (𝑘)

𝑚𝑎𝑥 𝑥𝑖 (𝑘)− 𝑚𝑖𝑛 𝑥𝑖 (𝑘)
                                                                                                   (12) 

2. Higher is the better 

𝑥𝑖
∗(𝑘)  =  

𝑚𝑎𝑥 𝑥𝑖 (𝑘)−𝑥𝑖 (𝑘)

𝑚𝑎𝑥 𝑥𝑖 (𝑘)− 𝑚𝑖𝑛 𝑥𝑖 (𝑘)
                                                                                                 (13) 

3. Nominal is the best  

𝑥𝑖
∗(𝑘)  =  

1−|𝑥𝑖 (𝑘)−𝑥𝑜  𝑏(𝑘)|

𝑚𝑎𝑥 𝑥𝑖 (𝑘) −𝑥𝑜  𝑏(𝑘)
                                                                                                   (14) 

Where i= 1….m, k = 1…m, xi(k) is the standardized approximation of the kth component in the ith 

arrangement, x0b(k) =estimation of the kth quality element, max xi(k) =biggest estimation of xi(k), and min 

xi(k) =littlest estimation of xi(k). 

Second step: Deviation calculation is listed below with equation number (15) [35]. 

∆𝑜𝑖(𝑘) = || 𝑥0
∗(𝑘) – 𝑥𝑖

∗(𝑘) ||                                                                                                                               (15) 

Where, xo
*(k)=1 maximum normalized value  

Third step: Gray Relational Coefficient (GRC) calculating equation (16) [35, 36] is shown below. 

𝜁𝑖(𝑘) =

∆𝑚𝑖𝑛 + 𝜁 ∆𝑚𝑎𝑥

∆𝑜𝑖(𝑘)+ 𝜁 𝛥𝑚𝑎𝑥
                                                                                                                                                       (16) 

Where, k is the GRC for kth performance in ith experiment. 

Δmin= min || x0
*(k)-xi

*(k) || and Δmax= max || x0
*(k)-xi

*(k) ||  

𝜁 = coefficient of the technique, its value is generally 0.5 

Last step: Grey Relational Grade (GRD) calculating equation (17) [35] is shown below. 

𝛾𝑖 =  ∑𝑤𝑖(𝑘) ×

𝜁𝑖(𝑘)                                                                                                                                                       (17) 

Where, γi is GRD and wi (k) is responses parameters weight. 

Lots of researches have been carried out on SS (different grades) machining by WEDM using different OT 

to optimize the responses. Figure 6 shows researched year vs number of previous research papers on SS 

(different grades) machining in WEDM and Figure 7 shows the percentage uses of different SS grades in 

earlier research. 

http://www.ijsrem.com/
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Figure 6. Researched year vs Number of researched paper. 

 

Figure 7. Uses of different SS grades  

5. EARLIER RESEARCHES SUMMERY 

Table 6. Earlier researches on machining of SS (various grades) by WEDM. 

Yea

r 
Author 

Mat

erial 
Wire  

Input 

Paramet

ers 

Output 

Paramet

ers 

OT Finding 

201

2 

Lingadur

ai 

et.al.[11] 

SS 

304 

Brass Ton, Toff, 

WF, GV 

MRR, 

SR, KW 

L18 

Array, 

ANOV

A 

It is observed GV is the 

most effective process 

parameter for finding 

maximum MRR 

(0.0511 g/min). For 

finding minimum SR 

(1.5 µm) and minimum 

KW (0.333 mm), WF 

and Ton are the 

important parameters.  
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201

3 

Durairaj 

et. al.[37] 

SS 

304 

Brass GV, Ton, 

Toff, WF 

SR, KW TT, 

GRA 

It is found that 

minimum SR and KW 

values are 2.02 µm and 

0.289 mm respectively 

when TT is used and 

when GRA is used the 

above-mentioned 

values are 0.7088 µm 

and 0.9175 mm. 

201

3 

 

Geetha et. 

al.[38] 

 

SS 

304 

Brass Ton, Toff, 

WT, WP 

 SR RSM It is discovered SR 

shows minimum=1.42 

µm for Ton =114 µs, 

Toff=60 µs, WT=7 Gm, 

and WP=8 Kg/cm2.  

201

4 

Khan et. 

al.[39] 

SS 

304 

  Ton, Toff, 

C 

KW, SR TT, L9 

Array, 

GRA 

It is observed SR=2.88 

µm for Ton=15 µs, Toff 

=3 µs, and C=2 amp 

and KW=0.210 mm for 

Ton =15 µs, Toff=5 µs, 

and C=3 amp when TT 

is applied. But when 

Ton=25 µs, Toff =3 µs, 

and C=4 amp shows 

minimum SR and KW 

values (2.371 µm), 

(0.333 mm) when GRA 

is used. 

201

4 

Paliwal 

et. el.[40] 

SS 

302 

Moly

bdenu

m 

Ton, Toff, 

C 

KW, SR TT, L9 

Array 

It is found that KW 

=0.236 mm for C =3 

amp, Ton =15 µs, Toff =4 

µs respectively and 

SR=3.25 µm for C=3 

amp, Ton=20 µs, Toff =5 

http://www.ijsrem.com/
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µs.  

201

4 

Raju 

et.al.[41] 

SS 

316

L  

Brass Ton, C, 

SV, WT 

SR L16 

Array, 

ANOV

A 

It is observed SR=1.54 

µm for Ton =15 µs, C 

=9 amp, SV =5 v, and 

WT=12 m/min and it is 

found Ton is most 

significant factor.  

201

4 

Nayak 

and 

Mahapatr

a [42] 

SS 

304 

Bronc

ocut-

W 

PT, TA, 

Ton, C, 

WF, WT 

AE, SR, 

CS 

TT, 

L27 

Array, 

ANOV

A 

It is shown that taper 

cutting is a difficult 

operation for cutting 

deep slots with multiple 

angles. SR=2.15 µm for 

Ton =14 µs, C= 32 amp, 

WF=120 mm/s, and 

WT=16 N. CS shows 

maximum for Ton=18 

µs, C=24 amp, 

WF=150 mm/s, and 

WT=16 N. 

201

4 

Mathew 

et al.[43] 

SS 

304 

Brass 

 
 

Ton, Toff, 

WF, GV, 

WT, WP 

MRR, 

SR 

TT, 

L27 

Array 

It is observed that Ton is 

a most significant 

parameter for finding 

maximum MRR 

(15.423 mm3/min) and 

minimum SR (1.71 

µm). 

201

6 

Kumar 

et.al.[44] 

SS 

304 

Brass, 

Diffus

ed 

wire 

Ton, Toff, 

SV 

MRR TT, L9 

Array 

It is discovered that 

MRR shows maximum 

value, when used 

diffused wire=11.18 

mm3/min and brass 

wire=10.97 mm3/min 

http://www.ijsrem.com/
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respectively. For both 

cases input parameters 

values are Ton=125 µs, 

Toff=45 µs, and SV=35 

v. 

201

6 

Bharathi 

et. el.[45] 

SS 

304 

Brass Ton, Toff, 

WF, SV 

MRR, 

SR, KW 

TT, 

L18 

Array 

It is found that SR=1.5 

µm for SV=60 v, Ton=4 

µs, Toff=4 µs, and 

WF=5 m/min. 

KW=0.333 mm for 

SV=50 v, Ton=4 µs, Toff 

=6 µs, and WF=5 

m/min. Whereas 

MRR=0.0511 g/min for 

SV=50 v, Ton=6 µs, 

Toff=4 µs, and WF=7 

m/min.  

201

7 

Suresh 

et.al.[46] 

SS 

304 

Brass, 

Zinc 

coated 

brass 

Ton, Toff, 

WT, WF 

MRR L8 

Array, 

ANOV

A 

It is found that MRR 

shows maximum (98.08 

mm3/min) for using Zn 

coated brass wire.  

201

7 

Nayak 

and 

Mahapatr

a [47] 

SS 

304 

Bronc

ocut-

W 

PT, TA, 

Ton, C, 

WF, WT 

AE, SR, 

CS 

Fuzzy, 

BPNN, 

L27 

Array 

It is observed Ton and C 

are the most significant 

parameters for finding 

minimum SR=2.145 

µm and maximum 

CS=1.66 mm/min. 

201

8 

Babu and 

Subbaratn

am[48] 

SS 

304 

Moly

bdenu

m 

Ton, Toff, 

C, WF 

MRR TT, L9 

Array 

It is invented 

MRR=25.23 mm3/min 

for Ton=35 µs, Toff =10 

µs, C=3 amp, and 

WF=2 m/min.  
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201

8 

Ugrasen 

et.al.[49] 

SS 

304 

Moly

bdenu

m 

Ton, Toff, 

C, BS 

MRR, 

SR 

TT, 

L27 

Array 

It is observed that Ton is 

the significant input 

variable for finding 

minimum SR (1.76 µm) 

and maximum MRR 

(17.15 mm2/min). 

201

8 

Choudhur

i et.al. 

[50] 

SS 

304 

Brass Ton, Toff, 

C, SV, 

WT 

SR, RLT L13 

Array, 

ANOV

A, 

ANN 

It is discovered that 

SR=1.851 µm for 

Ton=0.35 μs, Toff=15 μs, 

C=160 amp, V=30 v 

and WT=0.6 kg. On the 

other hand, RLT=5.26 

μm for Ton=0.35 μs, 

Toff=30 μs, C=220 amp, 

V=60 v, and WT=1.2 

kg.  

201

8 

Padmavat

hi et 

al.[51] 

SS 

316 

- 

Ton, Toff, 

WF, WT, 

C 

MRR, 

SR 

TT, 

L27 

Array 

It is observed that C 

and Ton are the most 

effective process 

parameters for finding 

maximum MRR (25.5 

mm2/min) and 

minimum SR (3.20 

μm).  

201

9 

Ishfaq 

et.al.[52] 

SS 

304 

Moly

bdenu

m 

SV, DS, 

C, NOD 

SR, CS, 

KW 

GRA It is invented when 

CS=2.62 mm/min, 

SR=4.47 µm and KW 

=0.32 mm then C=3 

amp and SV=50 v 

respectively. 

http://www.ijsrem.com/
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201

9 

Bhatt and 

Goyal 

[10] 

SS 

304 

Coppe

r 

Ton, Toff, 

WT, SG, 

WF, GV 

MRR, 

SR 

GRA, 

L24 

Array 

It is discovered that 

MRR=3.705 mm3/min 

for Ton =118 µs, Toff=50 

µs, WT=10 kg, WF=5 

mm/sec and GV=60 v. 

Whereas SR=0.177 μm 

for WT=15 kg, GV=40 

v, Ton=106 µs, Toff=60 

µs, and WF=2 mm/sec.  

201

9 

Dayakar 

et.al. [53] 

Mar

agin

g 

steel 

350 

Brass Ton, Toff, 

C, SV 

MRR, 

SR 

TT It is observed that 

MRR=2.835 mm3/min 

for Ton=104 μs and 

C=12 amp. However, C 

is most effective for 

finding maximum 

MRR. SR=1.424 µm 

when Ton =100 μs and 

C=12 amp. 

202

0 

Kumar 

et.al.[54] 

AISI 

630 

Moly

bdenu

m 

C, Ton, 

Toff, WF 

MRR, 

SR, 

TWR 

Fuzzy, 

L9 

Array 

It is found that 

MRR=0.119 g/min and 

SR=2.91 µm when 

Ton=25 µs, Toff=7 µs, 

C=1 amp and WF=4 

mm/s respectively.  

202

1 

Biswas 

et.al.[55] 

SS 

304 

Zinc 

coated 

brass 

Ton, Toff, 

Aon, Aoff, 

SV, WF 

MRR, 

KW 

L27 

Array, 

RSM 

It is observed when Aon, 

Aoff, SV and WF are 

increased then MRR is 

increased. KW 

decreased with lower 

value of Ton and Toff. 

202

2 

Boopathi 

[56] 

SS 

317 

Moly

bdenu

m 

P, F, C, 

W 

WWR, 

CR 

L27 

Array 

It is found CR is 

increased by increasing 

W, C, and mixing F for 

http://www.ijsrem.com/
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both processes. 

202

2 

Biswas et. 

al. [57] 

SS 

304, 

SS 

316 

Zinc 

coated 

brass 

Ton, Toff, 

Aon, Aoff, 

SV, WF 

MRR, 

KW, OC, 

Ra 

L27 

Array, 

Topsis 

It is observed optimum 

responses are appeared 

when input parameters 

values are Ton =7 μs, 

Toff=12 μs, Aon=6 μs, 

Aoff=11μs, 

WF=6m/min, and 

SV=60V 

6. DISCUSSION 

Output variables can be smoothly optimized by proper OT and this review also dealt with low cost, better 

surface finish and proper dimensional accuracy. Table 6. shows that, lot of researchers used SS 304 as an 

experimental specimen. Table 7-9 shows previous experimental SR, KW, MRR values of SS 304 with 

different input variables. Figure 8a-d shows changes of SR with individual input parameters.  

Table 7. Various input variables value with minimum SR of SS 304. 

Input variables Output variable 

Ton (µs) Toff (µs) C (amp) GV (v) SR (µm) 

4.00 [11] 4.00 [15]   60.00 [15] 1.50 [15] 

0.29 [41] 4.00 [41]   55.00 [41] 2.02 [41] 

14.00 [46]   32.00 [46]   2.15 [46] 

0.25 [47] 26.00 [47]   35.00 [47] 1.71 [47] 

24.00 [51]   18.00 [51]   2.15 [51] 

24.00 [53] 7.00 [53] 6.00 [53]   1.76 [53] 

0.35 [54] 15.00 [54] 160.00 [54] 30.00 [54] 1.85 [54] 

    3.00 [56] 50.00 [56] 4.47 [56] 

106.00 [14] 60.00 [14]   40.00 [14] 0.18 [14] 

114.00 [42] 60.00 [42]   1.42 [42] 

15.00 [43] 3.00 [43] 2.00 [43]  2.88 [43] 

4.00 [49] 4.00 [49]  60.00 [49] 1.50 [49] 

5.00 [57] 8.00 [57]  60.00 [57] 1.91 [57] 
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Figure 8. (a) SR Vs Ton, (b) SR vs Toff, (c) SR vs GV, (d) SR vs C plot for SS 304. 

Figure 8a-d. is a graphical representation in between SR Vs Ton, Toff, GV, C respectively plot for SS 304. It 

is clear from these plots when Ton, Toff, and GV are increased then SR also increased. Only C offers higher 

value gives lower SR values.  

Table 8. Various input variables value with minimum KW of SS 304. 

Input variables Output variables 

Ton (µs) Toff (µs) GV (v) KW (mm) 

4.00 [15] 6.00 [15] 50.00 [15] 0.33 [15] 

0.30 [41] 10.00 [41] 40.00 [41] 0.29 [41] 

    50.00 [56] 0.32 [56] 

15.00 [43] 5.00 [43]   0.21 [43] 

5.00 [57] 10.00 [57] 40.00 [57] 0.29 [57] 

 

(a) (b) 

(c) 
(d) 

(a) (b) 

(c) 
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Figure 9. (a) KW vs Ton, (b) KW vs Toff, (c) KW vs GV plot for SS 304 

Figure 12. is a graphical representation in between KW vs Ton, Toff and GV for SS 304. It is shown that to 

achieved lower KW, required lower Ton, Toff, and GV values. 

Table 9. Various input variables value with maximum MRR of SS 304. 

Input variables Output variables 

Ton (µs) Toff (µs) GV (v) MRR (mm3/min) 

6.00 [15] 4.00 [15] 50.00 [15] 51.10 [15] 

1.25 [47] 26.00 [47] 15.00 [47] 15.42 [47] 

7.00 [50] 17.00 [50]  98.08 [50] 

28.00 [53] 5.00 [53]   17.15 [53] 

118.00 [14] 50.00 [14] 60.00 [14] 3.71 [14] 

125.00 [48] 45.00 [48]  11.18 [48] 

35.00 [52] 40.00 [52]  25.23 [52] 

9.00 [57] 8.00 [57] 40.00 [57] 6.88 [57]  

 

 

 

Figure 9. (a) MRR vs Ton, (b) MRR vs Toff, (c) MRR vs GV plot for SS 304 

(a) 
(b) 

(c) 
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Figure 9. is a graphical representation in between MRR vs Ton, Toff and GV for SS 304. It is clear that to 

achieve higher MRR required moderate Ton and Toff values and higher GV value. 

Table 10 shows the other SS grades (except SS 304) output variables values, which are graphically 

represented in Figure 10a-b. It is shown that SS 316 shows maximum MRR values respect to Steel 350, on 

the other hand, steel 350 shows lower SR values compared to others materials. 

Table 10. Other SS grades (Except SS 304) MRR and SR values. 

SS grade MRR (mm3/min) SR (µm) 

SS 316 25.50 [55] 3.20 [55] 

Steel 350 2.84 [57]  

SS 420  2.90 [40] 

SS 316L  1.54 [45] 

SS 302  3.25 [44] 

Steel 350  1.28 [57] 

AISI 630  2.91 [58] 

 

Figure 10. (a) MRR vs SS grades plot, (b) SR vs SS grades plot 

 

7. CONCLUSIONS 

Present study showed that lots of previous works has been done on WEDM with different SS grades 

[58,59]. Therefore, it is concluded that the appropriate selection of OT’s can save outlays and time both. 

The list of conclusions are: 

• To achieve the maximum MRR, minimum SR and KW, the most effective parameters are Ton, Toff, 

C and SV. 

• For WEDM, brass wire is rapidly used due to its high tensile strength. Sometimes zinc coated brass 

wire is also used due to its good tensile strength and proper sparks generation.   

(a) (b) 
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• Taguchi Technique (TT) is the best technique compared to other OTs to determine the response 

parameters when SS 304 and SS 316 are used as work pieces. 

• The OA (such as L27, L18 etc.) is used to predict the number of experiments. After that ANOVA is 

used for finding the significant percentage of input variables. 

• The main advantage of GRA technique is, its computational divisions are comparatively less 

complicated respect to another optimization technique’s (OT). ANN can operate with incomplete data and 

it can build a huge number of data. Whereas, fuzzy theory (FT) is used to find the effective of input 

variable on output variables. Only RSM shows, the relationship between the input variables and responses.  

8. FUTURE RESEARCH OPPORTUNITIES 

Figure 11 shows future research opportunities on SS machining by WEDM. These opportunities are 

described below.  

• Researchers can use other non-electrical input parameters such as wire diameter, job thickness, 

dielectric fluid’s temperature (water chiller temperature) 

• Most experiments have been done using deionized water [60,61]. Therefore, other dielectric fluids 

(such as normal tap water) which have low viscosity, low cost, less harmful, and adequate cooling rate can 

be used. 

• Maximum works have been done with common SS grades, thus researchers may choose different 

SS grades. 

• Researchers can choose different OT’s (such as Tabu search, Artificial bee colony etc.) to find the 

optimum values of output variables. 

 

Figure 11. Diagram of future research opportunities on SS 
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