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Abstract
From some time the past engineering industries have witnessed a 
rapid growth in the development of harder and difficult to machine 
materials such as hastalloy, nitralloy, waspalloy, nimonics, 
carbides, stainless steel, heat resisting steels and many other High 
Strength Temperature Resistant (HSTR) alloys. These materials 
find wide application in aerospace, nuclear engineering and other 
industries owing to their high strength to weight ratio, hardness 
and heat resisting qualities. For such materials the conventional 
edged tool machining is highly uneconomical and the degree of 
accuracy and surface finish are poor. Besides, machining of these 
materials in to complex shapes is difficult, time consuming and 
sometimes impossible.
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I. Introduction
Wire cut EDM is a non-traditional machining process controlled 
by a number of process parameter such as Pulse on time, Pulse 
off time, Peak current, discharge frequency and Wire tension. 
For optimal machining performance the setting of various input 
parameters plays a vital role on output viz.  Surface roughness, 
Hardness and wear resistance. In present work an attempt is 
made to investigate the effect of varying pulse on time, pulse 
off time and Peak current on H-11 Die steel in order to analyze 
effect on the Surface roughness by using ANOVA analysis and 
multi response Taguchi base optimization will be carried out 
[1]. A Taguchi Design of Experiment (DOE) approach with L9 
Orthogonal Array employed to conduct this experiment. Newest 
software MINITAB 16 was used to perform the ANOVA (analysis 
of Variance) [2].
Material is eroded from the work piece by a series of discrete 
sparks between the work piece and the wire electrode (tool) 
separated by a thin film of dielectric fluid which is continuously 
force fed to the machining zone to flush away the eroded particles 
[3]. In Wire Electric Discharge Machining (WEDM) the thin 
copper wire (diameter is 0.05-0.25 mm) is as the electrode. The 
cutting process only applies on condition that working piece is 
a conductive electricity material and it will not influenced by 
the hardness and toughness of work piece [4]. This process had 
actively developed and extensively applied to the hard, fragile 
and difficult-cutting material, especially to complicated form and 
small piece of working piece [5]. 

II.  Experimental Procedure

A.  Material Specification
The H-11 Die steel has been used as a work piece material for 
the present experiments. H-11 is special hot-worked chromium 
tool-steel with good hardness and toughness properties. The H-11 
die steel material has been heated to a temperature of approximate 
8000C with half an hour soak time followed by quenching in a 
salt bath to obtain a final hardness of 55 HRC. The working life 

and dimensional accuracy of H-11 steel dies and tools can be 
improved with this suitable heat treatment, and afterward half of 
the same heat treated material is further given the treatment named 
“Deep cryogenic treated” in order to improve the mechanical 
and microstructural properties of the material under the DCT 
(Deep cryogenic treated) process having temperature range 
between -1850C to -1900C with complete cycle of 35 hours. 
Cut specimens are shown in fig. 1 by the WEDM under suitable 
selected parameters.

Figure 1.1 Heat treated Specimens Lying Horizontally

It is used for extreme load conditions such as hot-work forging, 
extrusion etc. It has varied practical applications such as 
manufacturing of punching tools, mandrels, mechanical press 
forging die, plastic mould and die-casting dies, aircraft landing 
gears, helicopter rotor blades and shafts [6]. The chemical 
composition of this material as obtained by EDAX (Electro 
Dispersive X-ray Spectroscopy) test is given in Table 1.

Table 1: Chemical Composition of the Material
Constituent Composition %
C 0.28
Si 0.81
Mn 0.35
P 0.011
S 0.008
Cr 4.9
Mo 1.2
V 0.85

B. Number of Reading Optimization Based on Taguchi 
Method
Various input parameters varied during the experimentation are 
peak current (IP), pulse on time (Ton) and pulse off time (Toff). 
The effects of these input parameters are studied on wear rate, 
surface roughness and micro-hardness using one factor at a time 
approach. The levels for various control factors over WEDM 
machine can be taken as shown in Table 2 below:-
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Table 2: Levels for Various Control Factors

Control factor Symbol 
used Level 1 Level 2 Level 3

Peak current A 160 170 180

Pulse on time B 115 118 121
Pulse off time C 50 52 54

C.  Experimental Setup
The Present Experiment was carried out by varying three control 
factors on The experiments were carried out on a wire-cut EDM 
machine (ELEKTRA SPRINTCUT 734) of Electronica Machine 
Tools Ltd. installed at Central Tool Room Ludhiana (Punjab), 
India. and using brass wire electrode of 0.25 mm diameter.

D.  Specimen Detail
In the present work Total 9 nos. of experiments has been carried 
out on Heat treated specimen of size 30 mm x 8 mm x 8 mm 
of H-11 die steel. Surface roughness measurements in μm were 
repeated two times using a Mitutoyo’s surftest, a portable surface 
roughness tester and the average value was considered as surface 
roughness value for the analysis purpose. In this work the surface 
roughness was measured by Mitutoyo surftest SJ-201P.

III. Analysis and Results

A.  Experimental Results
Response table for surface roughness is compiled by taking three 
to four readings by the surface roughness tester and taking their 
means in the individual case of HT samples. Average counted 
value of Surface roughness can be calculated of HT samples in 
the above Table = 3.55 Ra.

Table 3: Response Table for Surface Roughness

Exp.
Run

PC Ton Toff

Trial       
(HT) Avg. count for Trial HT 

samples
(A) (B) (C) Ra 1

1 1 1 1 3.5 3.5
2 2 1 2 3.1 3.1
3 3 1 3 3.6 3.6
4 2 2 1 3.2 3.2
5 3 2 2 4.0 4.0
6 1 2 3 3.5 3.5
7 3 3 1 3.8 3.8
8 1 3 2 3.7 3.7
9 2 3 3 3.6 3.6

Avg. of Surface 
Roughness= 3.55 Ra

B. DOE Analysis
Response Surface Methodology (RSM) is a technique that can 
be used to develop, improved and optimized process using a 
collection of statistical and mathematical techniques. This method 
has been applied in product development activities as well as 
improvement to the existing product. RSM is used in industry to 
analyse several input variables that will influence performance or 
quality characteristic of the product or process. The performance 
or quality characteristic is known as a response. The analysis of 

response data is done by well known software “MINITAB 16” 
specifically used for the design of experiment applications.

C. Surface Roughness for Heat Treated Samples and 
Normal Probability Plot for Surface Roughness
The normal probability plot is a graphical technique for assessing 
whether or not a data set is approximately normally distributed. 
The points on this plot form a nearly linear pattern, which indicates 
that the normal distribution is a good model for this data set. 
The normal probability plot showed the set of value of response 
variables are very close to median of set of values and not deviate 
from mid value, therefore the data is normally distributed. Fig. 
2 shown below gives the normality plot for selected response 
variable as Surface Roughness which is normal distributed because 
set of values of all three response are mostly  close to mid value. 
In these plots, we had taken 95% confidence interval level for 
given response parameters.
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Fig. 2: Normal Probability Plot of SR

Table 4: Response Table for Signal to Noise Ratio for Surface 
Roughness (Smaller is Better)
Level A B C
1 -10.56 -10.83 -10.99
2 -11.04 -11.03 -10.41
3 -11.31 -11.04 -11.51
Delta 0.75 0.20 1.10
Rank 2 3 1
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Fig. 3: Main Effects Plot for S/N Ratio of Surface Roughness
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Fig. 4: Main Effects Plot for Means of Surface Roughness

Table 5: Response Table for Means for Surface Roughness
Level A B C
1 3.377 3.488 3.545
2 3.577 3.578 3.320
3 3.677 3.563 3.765
Delta 0.300 0.090 0.445
Rank 2 3 1

Average value of Surface Roughness, calculated from raw data is 
2.844 µm. It is clear from S/N plots that the max S/N ratio occurs 
corresponding to A1 B1C2. 

Thus, from the mean s table for surface roughness for Heat treated 
samples.
T  =3.455/9 =0.383

1A  =3.377/3=1.125

1B  = 3.488/3= 1.162 

2C  = 3.320/3= 1.106

Table 6: ANNOVA Table for Mean Data of Surface Roughness

Source DOF Seq.SS Adj.SS MS Percentage 
Contribution

Pulse on 2 0.14000 0.14000 0.07000 0.26463

Pulse off 2 0.01395 0.01395 0.00697 0.02637

Peak 
current 2 0.29705 0.29705 0.14852 0.56148

Total 6 0.52905

DOF - degrees of freedom, Seq. SS - sum of 
squares, Adj.SS – adjusted sum of squares, MS - 
mean squares (Variance), Percentage Contribution 
indicates the significance of the input factor.

Optimal value of Surface Roughness can be calculated by • 
substituting these values in the above formula. Optimal 
Value of Surface Roughness for HT samples is calculated 

by ANOVA technique is = 2.617 µm.
The optimal value is obtained as A• 1, B1, and C2.where the 
levels of control factors Peak Current, Pulse on and Pulse off 
is noted as 160 Amp, 115 µs and 52 µs.

IV. Conclusion
Peak current, time between two pulses are most significant • 
and effective parameters in machining of H-11 die steel which 
influences the various response characteristics.
Increasing Pulse ON Time also increase Surface Roughness • 
[7], as this result is also concluded in present work also.
Along with if pulse width and peak current increase, the • 
cutting speed increases. This is due to the increase in discharge 
energy and enhancement in pulse width and peak current that 
lead to a faster cutting rate. 
The surface roughness can be improved by decreasing both • 
pulse duration and discharge current [8] and similar results 
were found in present research work.
However, the increase in time between two pulses and servo • 
reference voltage results in decreased cutting speed. The 
increase in servo reference mean voltage results in widened 
average discharge gap thus leading to a lower cutting rate.
Also, the number of discharges within a given period decreases • 
due to the increase in time between two pulses which results 
in lower cutting rates.
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