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Abstract  
Wire Electric Discharge Machining (WEDM) has been recognized as one of the optimum methods for machining 

of harder aluminum-based hybrid metal matrix composites (AHMMC). This method is used to optimize the major control 

aspects of a machine and they are current, pulse duration, and rate of feed of wire on kerf width (KRW) and Surface 

roughness (Ra) of hybrid composites made of aluminum Al6351 as the metal matrix (AMMHC). The AMMHC has been 

created via a stir casting technique by adding SiC and B4C with an Al6351 matrix. Box-Behnken design (BBD) has been 

used to conduct tests in order to parametrically optimize the WEDM process. The optimization of KRW and Ra is 

identified using 3-D surface plots, graphs and response table of ANOVA as well as by employing Response Surface 

Methodology (RSM). Internet of Things (IoT) is implemented to monitor the quality of electrolyte that is used in WEDM. 

It has been identified that the current has a major contribution in both KRW and Ra factors. A lower current is preferred 

for a lower KRW whereas higher current improves Ra value. 
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1.  Introduction 

Due to the rapid developments in the 

mechanical industry, the requirement of composite 

materials with higher durability and extreme 

hardness has increased in the recent past (Gautam 

et al, 2022; Gu, 2023; Zhang, 2022). By using the 

conventional machining techniques, machining of 

such materials is challenging to handle. Hence, the 

unconventional techniques for machining like 

electrical discharge machining, electrochemical 

machining, ultrasonic machining, are implemented 

for facing such challenging materials (Cui et al, 

2022; Hynes et al, 2022; Khazaal et al, 2022). 

Regardless of the hardness, Wire Electric Discharge 

Machining (WEDM) is a widely accepted non-

conventional material removal technique that is 

used to create objects with complex forms and 

profiles (Singh et al, 2022; Tan et al, 2022; Wang, 

2023). WEDM is a high accuracy machine and it is 

most widely used to create apparatuses, instrument, 

shape etc. WEDM is equipped to perform accurate 

machining that has left away surprising forms or 

perplexing shapes which are challenging to 

manufacture using conventional machining 
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techniques. In WEDM machining, material removal 

is achieved by producing spark between the wire 

cathode & the work piece which is connected as the 

anode. The WEDM has become a simple process 

for constructing instruments and it is now the finest 

choice for creating miniature sizes, and for 

providing the highest level of dimensional accuracy 

as well as surface finish. The present-day industry 

calls for improved productivity with improved 

machining characteristics for the sustainability and 

for which, WEDM can be identified as one of the 

best options. Mechanical characteristics such as 

creep life, conductivity, obstruction to erosion, and 

so on, depend on the sur-face quality of the 

machined workpiece. (Liang et al, 2020; Xie et al, 
2021; Yan et al, 2022; Zhu, 2022) Nevertheless, a 

variety of factors in-fluences the WEDM machining 

cycle, due to the interaction of stochastic character 

and multiple barriers. 

The goal of response surface methodology 

(RSM), a collection of real and quantitative 

techniques, is to streamline the process by 

examining and exhibiting the issue in which a 

reaction to be of interest is affected by a number of 

different parameters (Boutrih et al, 2022; Erol et al, 

2022; Kumar et al, 2022; Sudhakar et al, 2022). The 

type of link between the free components and their 

influence on the output parameters is ambiguous in 

majority of RSM problems. Finding a fair 

assessment of the unaltered functional link between 

the output response "y" and the provision of free 

components is the initial step in RSM 

(Govindarajulu, 2021; Paulson et al, 2022; Roy et 

al, 2022; Tata et al, 2021). A minimal polynomial 

with least gap between the independent variables is 

typically used for the evaluation of the output 

parameters. If direct capability of the unrestricted 

variables is used to represent the reaction all 

around, then the approximation capacity is the main 

request model. A higher-order polynomial, such as 

the second-order model is used, if the response 

system is curved. (Badizi et al, 2020; Calam et al, 

2022; Velavan et al, 2023). Golshan et al. (2012). 

have conducted the evaluation of Al-SiC 

composites using genetic algorithm for generating 

the ideal MRR and Ra of the composite. Since both 

the analyzing parameters are in contrast, the 

manuscript has chosen multi-response algorithm to 

optimize both the parameters. Single Genetic 

Algorithm (SGA) and non-dominated sorting 

genetic algorithm (NSGA-II) are employed for the 

optimization and the work is finalized based on the 

NSGA-II algorithm. The optimization of the 

current, pulse duration, gap voltage and the volume 

fraction of SiC of the composite was targeted by the 

work. The work has identified that the optimization 

in both targeted variables can be achieved by 

variation in the voltage as well as the volume 

fraction of SiC. The algorithm was capable of 

predicting the targeted parameters for the design 

parameters. Jithin, & Suhas (2021) conducted a 

comprehensive analysis of modified EDM and an 

Electric Discharge Texturing (EDT) is used for 

different applications. The review has evaluated 

various levels of EDT applications and versions of 

EDT employed for different uses. The paper has 

analyzed different parameters which influence the 

topology of the surface in EDT. The work also 

analyzed the change in surface roughness due to the 

variation in the control parameters. The work also 

covered the evolutions of purposeful surface 

alterations made with EDM and EDT. In this paper, 

various modelling approaches are examined 

alongside a comparison of output models. The 

research has shown that a 3D multi-crater analysis 

is necessary for an accurate modelling of EDT. Peta 

et al. (2021a) have evaluated the surface topology 

due to the EDM machining of AA6060 alloy based 

on discharge energy. According to the study, 

discharge energy has a significant impact on surface 

topology, and the EDM machine controls the 

parameters related to discharge energy. Below 

11μm, the model was unable to provide satisfactory 

results. It was evident that the values ranging from 

36μm to 41μm have produced the greatest results in 

terms of the link between surface topology and 

discharge energy. Peta et al. (2021b) have 

conducted experimental analysis to ascertain the 

connection of the wettability with the 

microgeometry of the surface of AA6060 alloy. The 

work discovered a strong link between the 

parameters related to surface topology and the 

wettability of the sample. The discharge energy and 

the contact angle, which is the inverse of the 

material's wettability, are found to have a direct 

relationship with the size and shape of the surface 

produced by EDM. Joshi et al. (2011) have 

conducted experimental analysis on the stainless-

steel surfaces machined by EDM in a field of 

magnetic pulsation using copper electrode. It was 

identified that the additional magnetic field 

improved the spark density. The experimental study 

identified a 130% improvement in MRR with no 

electrode wear. The improvement of pool boiling 
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heat transfer of Al6061 alloy through EDM has 

been studied by Dhadda et al. (2021). Discharge 

current and pulse-on-time are the input parameters 

that were taken into account for the investigation. 

The association between the surface topology and 

the boiling performance during the machining 

process has been determined using a data-

dependent system. The crater diameter is shown to 

be more correlated with the average roughness 

parameter. Al7075 alloy, which has been widely 

utilized in the aerospace sector, was the subject of a 

study by Golshan et al. (2013). The dimensions 

inaccuracy and surface roughness of the drilled hole 

are optimized using the NSGA-II algorithm. 

Cutting speed, feed rate, and drill diameter are 

regarded as the model's most crucial input 

parameters. The relationships between the 

dimensional inaccuracy and surface roughness are 

observed to follow a linear pattern. The program 

can determine the dimensional inaccuracy for the 

desired surface roughness or vice versa. In order to 

simulate drilling in CFRP laminates, Saravanan et 

al. (2012) used numerical and finite element 

analysis (FEA), and the outcomes were compared 

to those obtained by experimentation. The genetic 

algorithm was employed for numerical analysis, 

revealing a 10% variation in the evolutionary 

algorithm-based mathematical model and a 20% 

variation in the FEA evaluation. The optimal input 

parameter conditions for better output parameters 

have also been determined by the numerical 

analysis. An extensive study on the reinforcement 

using Al2O3 was carried out by Khajuria et al (2018, 

2019) for the machinability and optimization of the 

AA2014 Aluminum Alloy. The experiments were 

carried out by machining the composite in Die 

sinking EDM. Akhtar, & Khajuria (2023) carried 

out the detailed study of the grain structure and the 

metrological properties due to the different 

conditions. The normalized and tempered condition 

properties were evaluated and the modifications 

occurring in the grain boundaries were studied in 

the work. The experimental results were compared 

with the simulated model.  

The effects of three WEDM input process 

factors, namely pulse current, pulse duration period, 

and speed of a wire drum on the output parameters 

of surface roughness and kerf width have been 

evaluated through the machining of hybrid 

composite. These procedure parameters ranges are 

determined using the results of the previous 

experimental studies. Box- Behnken design (BBD) 

has been identified as a quicker and relatively 

accurate method that can be used for the 

optimization of process parameters and hence, this 

method has been more frequently used by 

researchers than that of the central composite 

design. Table 1 presents the values of distinct 

metrics and Table 2 provides the details of the 

output parameters obtained for 15 experiments 

carried out for the experimental evaluation. The IoT 

based system has been implemented to monitor the 

flow of electrolyte to ensure a uniform flow 

throughout the experimental study.  

 

2.  Objectives 

 To propose a method for optimizing the major 

control aspects of wire electric discharge machining 

of Aluminium hybrid. 

 

3.  Materials and methods 

The stir casting process has been employed 

in this work to manufacture hybrid metal matrix 

components. In Al6351 matrix, 5 wt% SiC and 

3wt% B4C are added to manufacture the hybrid 

composite. The details of the process used for stir 

casting is as follows: 

The casting die was initially preheated to 

400°C. Al6351 rod with length of around 25 mm 

was added into the crucible. The crucible was kept 

in the furnace. The alloy was heated to the 

temperature of 850°C inside the crucible for taking 

it above the liquidous state. The molten metal is 

stirred using a stirrer at 700 rpm and allowed to cool 

down slowly. The reinforcement is slowly added to 

the molten metal without stopping the stirring 

action. 2% Magnesium is added to the molten 

composite to improve its wettability. The molten 

mixture is poured into the preheated rectangular die 

of size 200 mm x 150 mm x 30 mm to obtain the 

final composite.  

RSM's three factors, 3-level Box-Behnken 

design has been employed in the experiment 

approach (BBD). The BBD is especially good in the 

second order model's fitting in RSM with the least 

amount of analysis. In this investigation, a BBD 

design comprising three parameters and 15 runs has 

been used. By utilizing the data from 15 tests, the 

experiment has been created. For the machining of 

Al6351- SiC-B4C, three independent variables are 

identified based on the previous works. A Wire 

EDM machine is employed for the experiment. 

Figure 1a demonstrates the WEDM test setup. In 

this experiment, deionized liquid serves as the 
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cooling medium while brass wire of 0.25mm 

diameter serves as the cutting tool. Surft-est-SJ201 

has been utilized to measure the surface roughness 

of all the specimens with the measuring range of 

350µm (-200µm to +150µm) with a measuring 

speed of 0.25mm/s. The traverse length of all the 

specimen is fixed as 1.25mm on the machined 

surface of the fabricated object. Fig 1.b provides the 

specimen developed using stir casting method. 

Figure 2 shows the sample graph of the 

measurement details of the surface roughness that is 

measured using the instrument. The tool makers’ 

microscope is used for measuring the kerf width and 

the statistical analysis is per-formed using Minitab 

software. In the machining process, the quality of 

the electrolyte is to be maintained and hence, IoT 

based sensors are used to detect the purity of the 

electrolyte. The turbidity sensor is connected in the 

electrolyte tank and it is connected with the arduino 

Uno board. The connections are given as shown in 

figure 3. If the quality of the electrolyte decreases, 

then the intimation will be given through the 

arduino. The power required to operate the IoT will 

be drawn from the solar renewable energy. Figure 

3b shows the turbidity sensor connected with the 

electrolyte tank. Figure 3c shows the turbidity 

sensor connected with the arduino uno board and 

the alert sys-tem. Figure 3d shows the connection 

diagram of the Internet of Things. 

The basic instruments and machines used for 

the experimental investigation are provided in 

Table 1. 

The measurement of Kerf width was carried 

out using the specified device in Table 1 having 

100× magnification level. The surface roughness 

instrument was having a testing accuracy of 1 

micron. Totally, 15 tests are carried out by changing 

the set of parameters as shown in Table 2. 

The details of the input and the output values 

of the experiment are provided in Table 3 along 

with the analysis data compiled using BBD. 

 
Table 1 Instruments and machines employed 

Model 
Wire EDM (Model:DK7750, M/s Concord United Products Private 

Limited, Bangalore, India) 

Tool Brass wire (0.25 mm diameter) 

Dielectric fluid Deionized water 

Flushing flow rate 9 l/min 

Surface roughness measuring device Mitutoyo, Model: Surf test SJ-201 (Mitutoyo, Kanagawa, Japan) 

Kerf width measuring device Tool-makers’ microscope 

 
Table 2 Various Parameters with different operating levels. 

Parameters 
Operating levels 

-1 0 1 

Current 12A 16A 20A 

Pulse duration (Ton) (µm) 100 µm 110 µm 120 µm 

Rate of feed of wire (WFR) 6 m/min 8 m/min 10 m/min 
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Figure 1a Wire EDM machine Set-up 

 

 
Figure 1b Composite specimen for wire EDM machining 

 

 
Figure 2 Sample surface roughness measurement graph plotted using SJ201 
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Figure 3a Turbidity sensor connected in electrolyte tank, 3b Arduino Uno Connection with sensors and alert system,  

3c Connection diagram of IoT 

 

 
Figure 4 Typical probability plot - Surface roughness: Experimental Vs Expected 
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Table 3 Experimental data with the analyzed data providing the Standard Order. 

Std Order Run Order Pt Type Blocks 
Current 

(A) 

Pulse 

duration 

(Ton) 

Rate of 

feed of 

wire 

(WFR) 

Kerf 

width 

(KRW) 

Surface 

roughness 

(Ra) 

9 1 2 1 16 100 6 0.23 5.12 

14 2 0 1 16 110 8 0.21 10.68 

13 3 0 1 16 110 8 0.21 10.68 

10 4 2 1 16 120 6 0.22 6.79 

8 5 2 1 20 100 10 0.36 11.98 

4 6 2 1 20 120 8 0.38 3.94 

11 7 2 1 16 100 10 0.23 5.12 

7 8 2 1 12 110 10 0.21 8.63 

6 9 2 1 16 110 6 0.22 6.79 

2 10 2 1 20 100 8 0.39 5.241 

15 11 0 1 16 110 8 0.21 6.79 

12 12 2 1 16 120 10 0.23 8.56 

1 13 2 1 12 100 8 0.09 7.79 

3 14 2 1 12 120 8 0.1 7.646 

5 15 2 1 12 110 6 0.12 5.08 

         

 

 
Figure 5 Normal probability plot- Kerf width: Experimental Vs Predicted 
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Figure 6 Kerf width response order 

 

. 
Figure 7 Surface roughness response order. 

 

4.  Results  

To establish how the control parameters 

affect the surface finish, surface plots are used, 

based on the major input parameters, as 

demonstrated in figures. 8-13. Based on the normal 

probability curve displayed in figure 4, a more 

accurate experimental measurement is recorded 

during the test. A similar pattern is observed for 

KRW as displayed in figure 5. The primary 

parameter for the variation of Ra has been identified 

as current. A spark's magnitude crater, such as 

shallow ones that offer better Ra, is linked with the 

spark energy. 

The figures 4 and 5 show normal probability 

plots which indicate the variation of the 

experimental result from the predicted result based 

on the mathematical formulation. It clearly 

indicates that the mathematical formulation is 

closely matching with the experimental results. 

Therefore, the model developed can be considered 

for further evaluation of the machining process and 

the parameters considered are the major 

contributors for the machining output parameters 
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considered and they are surface roughness and kerf 

width. Figures 6 and 7 show the response plot to 

identify the independence of the considered input 

variables and they are employed for investigating 

the output parameters. The response plot zig zag 

pattern clearly shows that the input parameters 

considered do not show any dependency on each 

other for the output parameters. Therefore, the 

parameters considered for the evaluation are 

completely independent variables 

Figure 8 shows the surface plot of surface 

roughness by considering current and pulse 

duration. It can be clearly seen that higher and lower 

pulse duration produce a lower surface roughness 

even at higher current condition, but a lower current 

at higher pulse duration increases the surface 

roughness. This can be attributed to the condition 

that the increased spark energy can improve the 

surface finish. At the medium pulse duration, there 

is an increase in surface roughness, due to the 

improper removal of material, especially at the 

lower current zone. Figure 9 provides the surface 

plot for the kerf width with respect to current and 

pulse duration. The kerf width is low at the lower 

current range, since higher current provides higher 

energy for removing more materials than the size of 

the wire. At lower current, therefore, kerf width is 

lower, which is preferred for high precision 

machining. Figure 10 shows the surface plot with 

the input parameters, current and rate of feed of 

wire for evaluating the variation in the surface 

roughness. It can be identified that higher current 

and a lower rate of feed of wire provide a lower 

surface roughness. The lower rate of feed of wire 

helps for a proper material removal by improving 

the surface finish compared to higher feed rate. In 

figure.11, the variation of kerf width based on 

current and rate of feed of wire is examined using 

the surface plot. It can be identified that the lower 

current and higher rate of feed of wire reduce the 

kerf width. The higher rate of feed of wire 

distributes the spark properly on the surface by 

reducing the kerf width. Figure 12 provides the 

surface plot of the surface roughness based on the 

pulse duration and the rate of feed of wire. A lower 

pulse duration and a lower rate of feed of wire 

provides a lower surface roughness. The rate of feed 

of wire has more contribution to the surface 

roughness compared to the pulse duration and it can 

be clearly seen in the graph. Figure 13 provides the 

surface plot of the kerf width for the input 

parameters of pulse duration and rate of feed of 

wire. It can be clearly seen that these parameters 

have no influence of kerf width on these two 

parameters, as the kerf width is constant for the 

variations of these two parameters. Therefore, it can 

be understood that current has a greater influence 

on the kerf width compared to other two 

parameters. 

If these graphs are considered, the following 

points can be identified 

• The increased pulse duration increases the 

surface roughness which can be identified from the 

surface plots in figures 8 and 12. Therefore, a lower 

pulse-on-time is preferred for better surface 

roughness of the composite material.  

• From figures 10 and 12, surface roughness 

is seen to increase with an increase in rate of feed 

of wire. The reduced rate of feed of wire improves 

the surface roughness, as the material removal from 

a specific zone will be better at a lower rate of feed 

of wire. 

• At a lower wire feed and pulse-on time, the 

higher current does not create too much variations 

in the Ra and it can be clearly observed in figures 8 

and 10. But, if the feed rate is increased, a lower 

current can provide pulse-on-time and a lower 

current can provide a better surface finish. 

When these parameters are considered for 

variation in kerf width, the surface plots of them are 

provided in figures 9,11 and 13. It can be clearly 

seen from the graphs in figures 8 and 10 that the 

increase in the current increases the kerf width. 

Figure 13 indicates that the kerf width has no 

implications on the variations of wire feed and the 

pulse-on -time, as the variation in kerf width is 

identified to be negligible throughout the range of 

graph. From the graphs of current, a medium level 

pulse-on-time and a higher rate of feed of wire 

reduce the kerf width. The lower kerf width can be 

obtained by lower current, medium level pulse-on-

time and high wire feed.
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Figure 8 Contour surface plot: Surface roughness with Current & pulse duration 

 

 
Figure 9 Contour surface plot: Kerf width with Current & pulse duration 
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Figure 10 Contour surface plot: Surface roughness with wire feed& Current rate 

 

 
Figure 11 Contour surface plot: Kerf width with Current & rate of feed of wire 
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Figure 12 Contour surface plot: Surface roughness with pulse duration& rate of feed of wire 

 

 
Figure 13 Contour surface plot: Kerf width with pulse duration & rate of feed of wire 

 

5.  Conclusions 

In this study, it has been investigated that the 

process variables affect the roughness of WEDM 

machining. Additionally, it is shown that the best 

performance characteristics of the machined 

products made using the WEDM method are 

produced by the optimal set of processing settings. 

It is identified that  

• The best results of low KRW and Ra are 

obtained at the 13th experiment and the input data 

of the 13th experiment are 12A current, 8m/min rate 

of feed of wire and pulse duration of 100μs.  

• The test results show that a decrease in 

surface roughness is identified with higher current 

and a decrease in kerf width, due to lower current. 

But a higher current reduces the material removal 

area by improving the Ra.  

• Lower pulse-on-time is preferred for 

improved surface roughness and a medium level 

pulse-on-time improves the kerf width. The 

increased pulse-on-time leads to an increased 

material removal by diminishing the surface finish.  

• The higher rate of feed of wire reduces the 

kerf width, but increases the surface roughness, 
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which prefers a lower wire feed. The quality of 

dielectric medium is found satisfactory and it is 

successfully monitored using the IoT. 
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