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Abstract: Electrical discharge machining (EDM) is one of non-traditional cutting method or manufacturing process for processing brittle and solid materials like composite materials 
and other difficult to machine materials. It is most usually utilized to manufacture metal matrix composites (MMCs) and is very solid materials. Aluminum based MMCs are to a 
large degree utilized in defense and aviation parts for their advanced and new characteristics like strength to weight ratio, high rigidity etc. The aluminum alloy 6061 and 7.5% SiC 
has been used as a workpiece and copper as a tool electrode, discharge current (Ip), pulse on-time (Ton), and pulse off-time (Toff) were selected as machining dependent  variables 
for this study. The dependent variables were tool wear rate (TWR) and material removal rate (MRR). The experiments are planned using Box-Behnken design. Empirical models 
are developed for MRR and TWR using the analysis of variance (ANOVA) and regression models. The getted results showed that the MRR is increasing with increasing in Ip and 
Ton while TWR is decreasing when Ip and Ton is increase. 
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1   INTRODUCTION  
 

In conventional machines, it is difficult to machining 
hardened and composite materials at high speed and accepta-
ble surface quality. A non-conventional process, like (EDM), 
is the better choice for this kind of material to overcome these 
conditions [1]. Electrical discharge machining emerged for 
the manufacture of conductive materials that are hard or im-
possible to cut with conventional machines [2]. However, the 
primary cause of the EDM machining will be specified by 
electrical conditions like voltage, package current, pulse time 
length, workpiece material and characteristic of electrode, 
such as thermal conductivity and material melting tempera-
ture [3, 4]. Copper works well as a tool and is vastly used 
when smooth work-piece finishing are required [5]. As a re-
sult of the interest in the development of electrical discharge 
machines, this led to significant improvements in EDM tech-
nology. Currently, advanced electrical discharge machines 
are available for most applications of machine workshops 
[6]. Metal Matrix Compounds (MMCs) are relatively low 
density based on magnesium or, aluminum, or titanium and 
stiffeners such as Al2O3, SiC, TiB2 or TiC [7, 8]. MMCs pro-
vides support and distributes the load to the structure while 
the particle or fiber stiffeners from supply useful mechanical, 
physical or thermal as performance. Therefore, MMCs are 
light metal or alloy and have high specific characteristics 
(like wear resistance, toughness, and strength), becoming a 
sought-after alternative in industrial applications. MMCs are 
produced in  many different manufacturing process (like 
molding Metal injection, friction stirring process, mechanical 
alloying, pressure casting technology, continuous binder 
powder coating, etc.) [9]. Silicon carbide (SiC), which is also 
famous as carborundum, has very good mechanical charac-
teristics. And thermal conductivity   the value of the density 
of Silicon carbide is similar to that of Al. Therefore SiC re-
inforcement alloy composites are the typical choosing of ma-
terial for defends functionalities in flight, defense purposes, 

rigged structural, and heavy manufacturing industries, owing 
to their tribological and mechanical properties [10].  

Several experiments and investigations conducted in the 
EDM process, it was observed that the melting points is im-
pact to the TWR and the MRR increased with increasing Ip. 
Ref. [11] investigated the effect of controllable parameters of 
Ip, V, and pulse duration and duty cycle on process response 
such as TWR, MRR and Ra with cry therapy electrode. The 
results show that Ip and Ton and duty cycles have an important 
influence on the TWR and MRR. Ref. [12] examined Ton and 
Ip in Inconel 718 EDM with a CuW as a tool. The values in-
dicated that the maximum removal rate was 28.37 mm3/min 
with highest Ip (40 A) and longest tone (400 µs). Ref. [1] 
studied optimization of variables for silicon zed silicon car-
bide (SiSiC) on the responses; TWR, Ra and MRR. By new 
design (FCCC) was utilized on the experiments [13]. The 
work studied the topical surface property of an arranged Ti-
tanium (Ti-6Al-4V) alloys in (EDM) process. Ref. [14] pre-
pared the metal matrix composite, AA 6061 reinforced with 
5wt% SiC particles by stir casting method, in EDM machin-
ing process to determine MRR and SR. Ref. [15] discussed 
the experiments of the EDM that were conducted to examine 
the influence of machining parameters, including current, 
pulse on, and duty factors on the MRR, and SR of the Al-
alloy with-5%SiC-10%B4C hybrid composite as workpiece 
using copper electrode tool by Box-Behnken design. Ref. 
[16] Conducted a hybrid magnetic field assisted powder 
mixed on silicon carbide (Al-SiC) MMCs,  current, Pon and 
Poff affected the duration and type of dielectric conditions sig-
nificantly on the removal rate. The electrical energy in EDM 
is changed to heat energy by the series of separate electrical 
discharges that happen between the specimen and the elec-
trode immersed in the dielectric medium, which works on 
this chain to melt then evaporate the metal from the work-
piece surface, thus removing the material [17, 18].  

The importance of the research lies in the manufacture 
and operation of Al alloy (6061) reinforced with 7.5% silicon 
carbide, has been fabricated through stir casting, which is 
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characterized by high wear resistance, stiffness, and light-
weight and can be used in molds, automobile industry, and 
nuclear plants. 

In this paper, a composite material was employed as Al-
alloy with 7.5% SiC reinforcement, current, pulse on dura-
tion, and pulse off duration  were chosen as process parame-
ters, while the material removal rate and the tool wear ratio 
were chosen as process performance indicators. 
  
2  DETERMINE THE MATERIAL REMOVAL RATE AND TOOL 

WEAR RATE 
 

Material removal rate is a performance measure of work-
piece wear rate expressed in the volume of material separated 
from the sample per unit time and is usually used to deter-
mine the speed at which processing is performed. Melting 
point is a significant parameter in determining the wear of the 
tool and depends on the factors of the machine [19, 20]. MRR 
and TWR are determined in Eq. (1) and (2) respectively, 
which depend on the weight of the work piece and tool before 
and after manufacturing, as well as the processing time [21-
23]. 
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Where: Wb - weight of specimen before EDM (g), Wa - weight 
of specimen after EDM (g), Tm - processing time (min), ρw - 
density of specimen material (ρw = 2.77 g/cm3).                        
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Where: Tb - weight of tool before EDM (g), Ta - weight of 
tool after EDM (g), Tm - processing time (min), ρt - density of 
tool material (ρt = 8.96 g/cm3). 
 
3  METHODOLGY OF BOX–BEHNKEN DESIGN  

 
Box–Behnken designs are experimental designs for re-

sponse surface methodology used in various statistical oper-
ations, invented by George E. B. Box and Donald Behnken 
in 1960, where at least three levels are required to achieve the 
goal, where each independent variable is set to one of the 
three values and equally, usually coded as −1, 0, +1. 

The Box–Behnken design is considered more efficient 
and reliable than other designs such as the central component 
design, the three-level full factor design, and the Dohlert de-
sign [24]. 
 
4  EXPERIMENTAL WORK  
 

The composite material specimen is produced of an Al-
alloy matrix (AA6061) and 7.5% SiC. Silicon carbide has 
been utilized as a good abrasive material and has been in 
products with grinding wheels for over a hundred years. After 

that, the material has been advanced into high-quality ceram-
ics with thermal and high mechanical properties. It is utilized 
in many more applications. The material can also be made 
electrically conductive and highly resistant to heating. The 
stir-casting method was utilized to manufacture size material. 
The composite porosity is about 7.5% SiC reinforced with 50 
μm as grain size. The experiment was planned design and 
survey analyzed by utilizing Minitab 19 software with 13 test 
according to Box-Behnken design. As well, input three pa-
rameters containing the Ip, Ton, and the Toff were selected for 
the investigation. The aluminum alloy was heated for one 
hour and the silicon carbide granules were melted at (750°C) 
to separate gases and moisture from the surface of the work-
piece layer [9]. The preheated SiC particle powder was added 
(7.5%) into the melt metal. After adding the nano silicon car-
bide powder, and for the purpose of obtaining a better homo-
geneity and distribution, we continue to stir for 10 minutes. 
The molten state was kept for one minute to remove the slag. 
and then the molten aluminum was poured into the graphite 
moulds. The important properties of the matrix and reinforce-
ment are shown in Tab. 1. 
 

Table 1 Properties of AA6061 and SiC 
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AA6061 2710 893 70000 180 
SiC 3200 3003 410000 120 

 
The experimental have been done on EDM machine (CM 

323C) with kerosene as dielectric solution, as shown in Fig. 
1. 
 

 
Figure 1 EDM type machine (CM323C) 

 
In the experimental work a tool electrode was selected 

from pure copper material (∅4×100 mm). Copper has good 
EDM wear and better conductivity. The chemical composi-
tion for tool and AA6061 as shown in Tabs. 2 and 3 respec-
tively. 
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Table 2 The chemical composition of Cu tool electrode W% 
Pb Sn Si Sb Te Cu 

<0.005 0.003 0.010 0.033 0.015 Rem 
 

Table 3 The chemical composition of specimen AA6061 W% 
Cu Mg Si Cr Fe Mn Al 

0.25 0.92 0.62 0.22 0.23 0.03 Rem 
 

The normal workpiece polarity (+) was chosen. The 
study work includes thirteen tests according to the design of 
experiments and testing research plan. The machining param-
eters were listed in Tab. 4. It was selected based on previous 
research, which gives the best results for material removal 
rate and tool wear rate. 
 

Table 4 Variables value 

Variables Symbol Value 
1 2 3 

Current (A) Ip 10 20 30 
Pulse on duration (µs) Ton 100 150 200 
Pulse off duration (µs) Toff 6 12 24 

 

5 RESULTS AND DISCUSSION 
 
According to the set of experimental outcomes achieved 

from Tab. 5 in appendix A, the influence of the independent 
variables Pi, Ton and Toff on the two dependent variables that 
is MRR and TWR by used copper tool. The (AA 6061) with 
7.5 % SiC can easily be machined by electrical discharge ma-
chining and maximum material removal rate, minimum tool 
wear rate can be obtained by controlling the machining pa-
rameters. ANOVA and from MINITAB 19 software is uti-
lized to determine the effective of variables on the desired 
achievement measures. The largest material removal rate oc-
curred in experiment 11, where Ip (30 A), Pon (200 μs), and 
Poff (12 μs), this is due to the increase in current with the in-
crease in pulse time, which will lead to an increase in the 
strength of the electric spark in the cutting zone and the melt-
ing of the material more quickly. While minimum tool wear 
rate occurred in experiment 2, where Ip (10A), Pon (100 μs), 
and Poff (12 μs), this is due to reducing the current value and 
pulse time, which leads to increasing the tool life. 

 
Table 5 Response (output) result and Box–Behnken design of the set experiments 

Run order Current 
(A) 

Pulse on 
(μs) 

Pulse off 
(μs) 

MRR measured 
(mm3/min) 

MRR predicted 
(mm3/min) 

TWR measured 
(mm3/min) 

TWR predicted 
(mm3/min) 

1 30 100 6 4.368 4.81705 0.6320 0.63131 
2 10 100 12 2.521 2.98170 0.0290 0.09782 
3 10 150 6 2.975 3.13805 0.1471 0.17733 
4 20 150 12 4.814 4.73200 0.5580 0.54400 
5 10 200 6 3.624 3.48575 0.1950 0.22353 
6 30 200 6 5.517 5.51245 0.7630 0.72371 
7 20 100 6 4.273 3.80370 0.5860 0.53111 
8 10 200 24 2.362 2.56025 0.2640 0.15691 
9 30 150 24 5.263 5.79625 0.5640 0.61089 
10 20 200 24 4.336 4.35210 0.4880 0.55689 
11 30 200 12 6.861 6.48230 0.6730 0.69040 
12 30 100 24 5.780 5.44855 0.5890 0.56469 
13 10 100 24 2.281 1.86485 0.0850 0.06451 

 
5.1 Analysis of Variance (ANOVA)  
 

The claimant's null hypothesis was used in response to 
the 95% confidence point and the specified effective bound-
ary conditions are a partial quadratic model of the automated 
processing process. Fisher's test (F-test) the significance of 
the strong function. If the (p-value) is 0.05, it is concluded 
that this parameter has a statistically significant influence. 
Tabs. 6, and 7 referred to the definitions of information of 
ANOVA for the MRR and TWR of EDM process. From non-
linear regression models mathematical relationships were ob-
tained between machining parameters, MRR and TWR as in 
Eqs. (3) and (4) respectively. 

 
5.2  Prediction Mathematical Model of MRR 
 

In order to estimate the final results of the MRR output 
response shown in Tab. (4), the ANOVA functions are run to 
decrease the p-value by utilizing the three-factor levels of the 
backward transform model. A model F value of 22.54 indi-
cates that the pattern is significant. "Prob > F" values less 
than 0.05 referred the momentousness of the model terminol-

ogy. Therefore, current, pulse on time, and the interaction be-
tween current and pulse off time are significant sample terms. 
The predicted regression model empirical equation for MRR 
is: 
 

p on off

2 3
off p off

0 487 0 0754 0 00695 0 148

0 00808 0 00432 , mm min

MRR . . I . T . T

. T . I T

= + ⋅ + ⋅ + ⋅ −

− ⋅ + ⋅ ⋅
 (3) 

 
Table 6 ANOVA for MRR 

Source DF Sum of squares Mean of squares F-value p-value 
Model 5 23.1353 4.6271 22.54 0.000 
Linear 3 20.9358 6.9786 34.00 0.000 
A 1 19.6729 19.6729 95.84 0.000 
B 1 1.2090 1.2090 5.89 0.046 
C 1 0.0540 0.0540 0.26 0.624 
Square 1 0.9873 0.9873 4.81 0.064 
B×B 1 0.9873 0.9873 4.81 0.064 
2-way int.  1 1.2121 1.2121 5.90 0.045 
A×C 1 1.2121 1.2121 5.90 0.045 
Error 7 1.4369 0.2053 / / 
Total 12 24.5723 / / / 
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The three-dimensional graphs presented in Figs. 2-4 
were utilized to estimate and explicate the experimental 
model.  

Fig. 2 shows that the (MR) increases with increasing Ip 
(up to 30 A) and the pulses over the duration (up to 200 μs) 
reach the value (6.861 mm3/min), Presence of SiC particles 
affects higher MRR can be achieved by increasing current. 
Fig. 3 clarifies the 3D graphs for material removal rate 
(MRR) utilizing the Ip (30 A) and Toff (15 μs), and the maxi-
mum surface roughness obtained when using reaches, the 
values (6.861 mm3/min). Fig. 4 shows the 3D graphs for MRR 
utilizing the Ton (200) and Toff (15 μs, and the last maximum 
(MRR) getted when utilizing the kerosene dielectric reaches 
the values (6.861 mm3/min). This means that with get in-
creasing the value of both the Ip and the Ton, the productivity 
increases. Thus, the This means that by get increasing the 
value of both the Ip and the Ton, productivity get increases. 
Thus, the amount of heat energy generated will be large, 
which leads to an increase in the melting process and succes-
sive abrasive to separate the out layers from the surface of the 
work piece. 
 

 
Figure 2 Relationship between MRR, current, and pulse on 

 

 
Figure 3 Relationship between MRR, pulse off, and current 

 

 
Figure 4 Relationship between MRR, pulse off, and pulse on 

 
 

5.3 Prediction Mathematical Model of TWR 
 

To evaluate the results of the instrument wear rate (TWR) 
given in Tab. 7 where the model F-value of 45.87 indicates 
that the model is significant. Therefore, current, pulse on 
time, and (current)2 are very important specimen terms. The 
predicted final empirical equation is: 
 

p on

2 3
off p

0 639 0 085 0 000924

0 0037 0 001499 , mm min

TWR . . I . T

. T . I

= − + ⋅ + ⋅ −

− ⋅ − ⋅
                   (4) 

 
In Eqs. (3) and (4) it was also apparent that the greatest  

significant machining variable input was current amplitude 
and impact on estimated or predicted MRR and then TWR   
 

Table 7 ANOVA for TWR 
Source DF Sum of squares Mean of squares F-value p-value 
Model 4 0.70974 0.177434 45.87 0.000 
Linear 3 0.65789 0.219297 56.70 0.000 
A 1 0.62545 0.625450 161.70 0.000 
B 1 0.02134 0.021344 5.52 0.047 
C 1 0.01110 0.011096 2.87 0.129 
Square 1 0.05185 0.051847 13.40 0.006 
A×A 1 0.05185 0.051847 13.40 0.006 
Error 8 0.03094 0.003868 / / 
Total 12 0.74068 / / / 

 

 
Figure 5 Relationship between TWR, current, and pulse on 

 
Figs. 5-7 show the effect of the EDM variables on the 

TWR. Fig. 5 illustrates that when utilizing the Ip (10 A) and 
Ton (100 μs), the value of TWR decreased to (0.0290 
mm3/min). Fig. 6 indicates the 3D graphs for TWR using the 
pulse current (10 A) and pulse off duration (15 μsec), and the 
minimum TWR gets when utilizing reaches, the rate values 
(0.0290 mm3/min). Fig. 7 shows the 3D graphs for TWR 
utilizing the Ip (100) and Ton (15 μsec), and the minimum 
value of TWR is reached (0.0290 mm3/min). 

 

 
Figure 6 Relationship between material removal rates, current, and pulse off 
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Figure 7 Relationship between material removal rates, pulse on, and pulse off 

 

 
Figure 8 Probability plot for MRR 

 

 
Figure 9 Probability plot for TWR 

 
5.4 Probability plot for MRR and TWR 
 

Figs. 8 and 9 are represents the normal plot of residuals 
for material removal rate and tool wear rate separately re-
spectively. All data are clearly normal and there is no deflec-
tion from the usually, due all the points on the normal plot 
represented as in straight line. 
 
5.5  SEM Inspection of Machined Surface 
 
     From Figs. 10 and 11 show the microstructure inspection 
for experiment 2 and 11 at the low  and high energy respec-
tively , where the processing  input parameters in Fig. 10 are 
at pulse on time (100 μs), current (10 A) and pulse off time 
(12 μs). During the time that the processing input parameters 
in Fig. 11 at pulse time (200 μs), current (30 A) and pulse off 
time (12 μs), which showed in the state of a large quantity of 
highly molten material on the top  layers' surface and very 
deep holes as well as micro-cracks.  
 

 
Figure 10 Fine structure microstructure of the machined surface at the low energy 
 

 
Figure 11 Fine structure microstructure of the machined surface at the high energy 
 

Through the pulse on time value increases with time, 
more amount pulse discharge energy is released, thus gener-
ating more heat, resulting in the evaporation and melting of 
material a minute particles from the top surface of the work-
piece and the action of forming relatively great large dark 
holes on the top surface. The still-remaining a thin piece of 
material sticks to the surface to form spherical pieces of 
waste as pellets and debris. When the particles of carbon re-
act with the molten metal, it naturally and after that, the cool-
ing process leads to union bonds greater than the original el-
ement, and when the stress on the surface exceeds the end the 
ultimate tensile strength of the material, in this case, cracks 
form. 
 
6  CONCLUSIONS 
 

In this study, has been made to estimate or predict (TWR) 
and (MRR) in EDM of Al-alloy with 7.5% SiC using a Box-
Behnken design procedure. The maximum MRR is achieved 
when the Ip and Ton are very high and Toff is (12 µsec), 
whereas the lower value of TWR is observed when the Ip and 
Ton are minimum value and the Toff is 12 µs. ANOVA table 
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shows that Ip and Ton are an important parameter. The normal 
probability plot indicates that the mathematical regression 
model agrees passably well with noticed values and the errors 
are normally distributed. In the next work, the study can be 
involved for other output responses like recast layer white 
(RLW), surface roughness (SR), and radial over cut (ROC). 
The final results from this paper will be beneficial for pro-
duction engineers to choosing suitable design of process var-
iable parameters to machine Al-alloy with 7.5% SiC. 
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