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Abstract. Metal matrix composites (MMCs) have found many 
successful industrial applications in recent past as high-technology 
materials due to their properties. Wire electric discharge cutting 
(WEDC) process is considered to be one of the most suitable 
processes for machining MMCs. Lot of research work has been done 
on WEDC, but very few investigations have been done on WEDC of 
MMCs. This paper reports work on the analysis of material removal 
rate (MRR) and cutting width (kerf) during WEDC of 6061 Al 
MMC reinforced with silicon carbide particles (i.e. SiCp/6061 Al). 
Four WEDC parameters namely servo voltage (SV), pulse-on time 
(TON), pulse-off time (TOFF) and wire feed rate (WF) were chosen as 
machining process parameters. Artificial neural network (ANN) 
models and response surface methodology (RSM) models were 
developed to predict the MRR and kerf using Box-Behnken design 
(BBD) to generate the input/output database. It was observed that 
prediction of responses from both models closely agree with the 
experimental values. The ANN models and RSM models for WEDC 
of MMC were compared with each other on the basis of prediction 
accuracy which shows that ANN models are more accurate than 
RSM models for MRR and kerf because the values of percentage 
absolute errors are higher for RSM models than ANN models.  

Keywords: Artifical neural network, Response surface 
methodology, Wire electric discharge cutting, Metal matrix 
composites, Material removal rate, kerf. 

1. Introduction 

Concerning industrial applications, MMCs now have a 
proven record of accomplishment as successful high-
technology materials due to the properties such as high 
strength-to-weight ratio, high toughness, lower value of 
coefficient of thermal expansion, good wear resistance, 
and capability of operating at elevated temperatures [1]. 
MMCs are fabricated using several processes such as 
casting, forging and extrusion. However, cutting and 
finishing operations of MMCs are not well understood. 
The use of traditional machining processes to machine 
hard composite materials causes serious tool wear due to 
abrasive nature of reinforcing particles thus shortening 
tool life [2]. Although, nontraditional machining 
techniques such as water jet machining (WJM) and laser 

beam machining (LBM) can be used but the machining 
equipment is expensive, height of the workpiece is a 
constraint, and surface finish obtained is not good [3]. On 
the other hand, some techniques such as electric 
discharge machining (EDM) and wire electric discharge 
machining (WEDM) or wire electric discharge cutting 
(WEDC) are quite successful for machining of MMCs. 
EDM has limited applications as it can be used only for 
drilling purpose. WEDM which is a derived process of 
EDM seems to be a better choice as it conforms to easy 
control and can machine intricate and complex shapes. 
The setting for the various process parameters required in 
WEDC process play crucial role in achieving optimal 
performance. According to Patil and Brahmankar [4], 
during WEDC an accurate and efficient machining 
operation without compromising machining performance 
is achievable. Effective and economical WEDC of MMCs 
will open new areas of applications for MMCs. The most 
important performance measures in WEDC are MRR and 
kerf. In WEDC, the material removal is by melting and/or 
evaporation of electrically conductive phase of SiCp/6061 
Al MMC. kerf determines the dimensional accuracy of 
the finishing part. Extensive experimental work is 
therefore needed to analyze and optimize the process 
parameters to understand their effect on product quality. 
The current investigation aims at investigating the 
suitability of MRR and kerf predictive models based on 
RSM and ANN models during WEDC of SiCp/6061 Al 
MMC.  

2. Experimentation 

The experiments were conducted on the ECOCUT 
WEDM machine from Electronica India Pvt Ltd. 6061 
aluminum based MMC, made by stir casting technique 
having 10% SiC particles (by weight) as reinforcement 
were used as the workpieces. The workpieces were of 
rectangular shape having a thickness of 6 mm. The 
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deionized water was used as dielectric. The dielectric 
temperature was kept at 20ºC. A diffused brass wire of 
0.25 mm diameter was used as the cutting tool. The four 
input process parameters namely servo voltage (SV), 
pulse-on time (TON), pulse-off time (TOFF) and wire feed 
rate (WF) were chosen as variables to study their effect 
on the quality of cut in SiCp/6061 Al MMC during 
WEDC. The ranges of these parameters were selected 
based on literature survey, machining capability and 
preliminary experiments conducted by using one-
variable-at-a-time approach [5]. Table 1 gives the levels 
of various parameters and their designation.  

To calculate the MRR, the following equation [6] is 
considered: 

                         MRR =                                                             (1)         

where, Mi, 

Mf

 are masses (in gm) of the work material 
before and after machining respectively,  is the density 
of workpiece material and t is the time of machining in 
minutes. An electronic weighing machine with an 
accuracy of 0.001 mg is used to weight the material. The 
kerf was measured using the stereo microscope, and is 
expressed as sum of wire diameter and twice of wire-
workpiece gap. 

Table 1. Levels of process parameters 

Process parameters 
 

Levels 
-1 0 +1 

Voltage (V) 70 80 90 
Pulse-on time (µs) 1 2 3 
Pulse-off time (µs) 6 8 10 
Wire feed (m/min) 5 7 9 

The WEDC process was studied according to the Box- 
Behnken design (BBD). In this investigation, total 29 
experiments were conducted. Levels and values of four 
process parameters for 29 experimental runs were given 
in Table 1.2. The ‘Design Expert 6.0’ software was used 
to establish mathematical models for optimization of the 
parameter settings to achieve the required MRR and kerf 
during WEDC of SiCp/6061 Al MMC. 

3. RSM based predictive models 

Mathematical models based on RSM for correlating 
responses such as MRR and kerf with various settings of 
process parameters during WEDC of SiCp/6061 Al MMC 
have been established, and are represented in the 
following regression equations 

                                                                 

                    

Table 2 shows the RSM predicted values for MRR and 
kerf for the 29 experimental runs. 

Table 2. BBD with four parameters and experimental MRR and kerf 

Exp. 
No. 

SV TON TOFF WF MRR 
(mm3/min) 

Kerf 
(mm) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

0 
-1 
0 
-1 
0 
1 
1 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
-1 
-1 
-1 
-1 
1 
0 

1 
0 
0 
0 
-1 
0 
0 
0 
0 
0 
0 
0 
-1 
0 
1 
0 
0 
1 
0 
-1 
0 
-1 
1 
0 
1 
0 
-1 
-1 
1 

0 
0 
1 
1 
-1 
0 
-1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
-1 
-1 
0 
-1 
1 
0 
-1 
0 
0 
0 
0 
1 

-1 
-1 
1 
0 
0 
-1 
0 
0 
0 
1 
-1 
0 
1 
0 
1 
0 
-1 
-1 
1 
-1 
-1 
0 
0 
0 
0 
1 
0 
0 
0 

4.200 
9.965 
4.931 
5.188 
4.586 
3.679 
3.026 
3.243 
3.943 
5.072 
3.897 
3.939 
4.740 
3.170 
5.075 
3.293 
4.702 
4.974 
4.340 
4.251 
4.851 
3.901 
2.590 
11.354 
5.991 
5.126 
5.325 
3.132 
4.997 

0.381 
0.266 
0.328 
0.287 
0.359 
0.415 
0.438 
0.424 
0.387 
0.308 
0.407 
0.394 
0.342 
0.426 
0.302 
0.422 
0.352 
0.322 
0.368 
0.372 
0.334 
0.401 
0.446 
0.261 
0.274 
0.294 
0.282 
0.432 
0.316 

4. Development of ANN models for prediction of 
responses 

An ANN is an information-processing system that has 
certain performance characteristics in common with 
biological neural networks. Generally, an ANN is made 
up of some neurons connected together via links. Among 
various neural network models, the feedforward neural 
network based on back-propagation is the best general-
purpose model [7]. The network has four inputs of servo 
voltage (SV), pulse-on time (TON), pulse-off time (TOFF), 
wire feed rate (WF) and two outputs of MRR and kerf.  
The training of the ANN for 29 input-output patterns has 
been carried out using the Neural Network Toolbox 
available in MATLAB software package. The network 
consists of one input layer, one hidden layer and one 
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output layer. In the proposed model, there were four input 
variables and two outputs. Hence the number of input 
neurons was taken as four and the number of output 
neurons was two. The selection of number of neurons in 
the hidden layer is usually model dependent. The 
numbers of hidden layers neurons are decided by trial and 
error method on the basis of the improvement in the error 
with increasing number of hidden nodes [8]. Hence, there 
were fifteen neurons in hidden layer. To train each 
network, an equal learning rate and momentum constant 
(α) of 0.05 and 0.9 respectively were used, the activation 
function of hidden and output neurons was selected as a 
hyperbolic tangent, and the error goal (mean square error, 
MSE) value was set at 0.0001, which means the training 
epochs are continued until the MSE fell below this value. 
To calculate connection weights, a set of desired network 
output values is needed. Desired output values referred as 
training dataset, obtained with the help of design of 
experiments (DOE). MRR and kerf values corresponding 
to training data were obtained from experimental runs 
generated by BBD based on RSM. The dataset generated 
by BBD shown in Table 2. Table 3 shows ANN predicted 
values for MRR and kerf for the 29 training set.  

5. Comparison of the RSM and ANN models 

An attempt was made to compare the RSM and ANN 
predicted models on the basis of their prediction 
accuracy. The RSM and ANN models were tested with 29 
data sets of BBD of experiments. For each input 
combination, the predicted values of responses were 
compared with the respective experimental values and the 
absolute percentage error is computed as follows: 

percentage absolute error =  * 100         (4) 

Where Yj,expt is the experimental value and Yj,pred is the 
predictive value of the response for the jth trail by the 
RSM and ANN models. The absolute percentage error 
were found for ANN and RSM models and maximum 
values of error for MRR and kerf were tabulated in Table 
4. From this table it can be concluded that ANN 
predictions are more accurate than RSM predictions 
because the values of maximum percentage absolute error 
are less for ANN models than RSM models for each 
response parameter. Figure 1 illustrate the comparison of 
error profile for responses, for the 29 data set of the 
training patterns. From this figure it has been observed 
that ANN predictions are better than the RSM 
predictions. 

In order to test the interpolation of the prediction from 
the developed models, experimetnal  MRR and kerf 
values were compared with the predicted values of the 
ANN and RSM models. This comparison is shown in Fig. 
2. It is observed from this figure that the prediction of 

responses from both models closely agree with that of 
experimental values.  

An attempt was also made to compare the RSM and 
ANN models on the basis of correlation coefficient. Table 
4 lists the values of correlation coefficients for ANN and 
RSM models of each response parameter. The correlation 
coefficient between the experimental values and 
predicted values is a measure of how well the variation in 
the predicted values is explained by the experimental 
values. The value of correlation coefficient equal to 1 
indicates the perfect correlation between the experimental 
values and the predicted values. In most cases, the value 
of correlation coefficient is more closer to unity for ANN 
models for response parameters. Which clearly indicates 
that prediction accuracy is higher for ANN model 
compared to RSM model. 

Table 3. List of ANN predictions and RSM predictions for MRR 
and kerf 

 

 

 

Exp 
no. 

MRR (mm3/min) kerf (mm) 
ANN 

prediction 
RSM 

prediction 
ANN 

prediction 
RSM 

prediction 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

4.2685 
9.9197 
5.0303 
5.185 
4.6744 
3.6631 
2.957 
3.5045 
3.5045 
4.9932 
3.8746 
3.5045 
4.6485 
3.5045 
4.9805 
3.5045 
4.6683 
5.0936 
4.385 
4.2335 
4.8143 
4.0098 
2.682 

11.2925 
5.9127 
5.217 
5.3344 
3.1771 
4.9813 

4.358 
8.9887 
4.763 
4.9591 
5.0357 
2.4133 
2.6882 
3.4473 
3.4473 
5.5341 
4.7583 
3.4473 
4.3631 
3.4473 
4.3631 
3.4473 
4.7738 
5.9467 
5.9515 
4.3583 
5.9467 
3.8472 
3.0603 

10.0686 
6.5197 
5.8775 
6.5197 
3.0603 
3.8472 

0.3753 
0.2697 
0.3285 
0.2959 
0.3628 
0.4283 
0.4379 
0.4077 
0.4077 
0.3162 
0.4134 
0.4077 
0.3605 
0.4077 
0.2922 
0.4077 
0.3419 
0.3254 
0.3758 
0.3715 
0.3266 
0.3853 
0.445 
0.265 
0.2727 
0.2907 
0.276 
0.4242 
0.32 

0.371 
0.2549 
0.2989 
0.3049 
0.353 
0.4481 
0.4196 
0.4077 
0.4077 
0.3322 
0.4038 
0.4077 
0.3516 
0.4077 
0.3124 
0.4077 
0.4317 
0.3271 
0.3586 
0.3755 
0.3362 
0.388 
0.3989 
0.2522 
0.2614 
0.2883 
0.3022 
0.4018 
0.335 

Yj,expt Yj,pred
Yj,expt
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Table 4. Percentage absolute error and correlation cofficients for  
between RSM and ANN model 

 

 

 a 

  

           b 

Fig. 1. Comparison of error profile for RSM and ANN model a) for 
MRR b) for kerf 

 

a 

b 

Fig. 2. Comparison of experimental measurements with predicted 
results from RSM and ANN model a) for MRR b) for kerf 

6. Conclusions  

Present study reports prediction of MRR and kerf through 
RSM and ANN techniques. RSM predicted values and 
ANN predicted values of MRR and kerf were compared 
with the experimental values to decide the nearness of 
prediction with the experimental values. Good agreement 
was obtained between the predicted values of both 
models and experimental measurements. Comparison of 
RSM models with ANN models on the basis of their 
prediction accuracy shows that ANN models are more 
accurate than RSM models for each response parameter 
because the values of percentage absolute error is higher 
for RSM models than ANN models. Comparison of RSM 
models with ANN models on the basis of correlation 
cofficients shows that in most cases the values of  
correlation coefficients are more closer to unity for ANN 
models. Which clearly indicates that ANN models are 
more accurate than RSM models because the value of 
correlation coefficients are almost equal to 1. This 
indicates a perfect correlation between the experimental 
values and the predicted values. 
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Improved surface properties of EDM components after irradiation by pulsed 
electrons 
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Abstract. Electrical discharge machining (EDM) is a useful process 
for producing high aspect ratio features for components such as 
mold tools. The recast layer produced by rapid quenching however 
is often undesirable in engineering components due to its brittleness, 
the occurrence of cracking as well as high surface roughness, which 
contribute to reducing the part’s overall fatigue and corrosion 
resistance. In the case of high aspect ratio geometries, recast layer 
removal via chemical etching then mechanical grinding is not 
always possible. In this study we investigate the use of the large-area 
electron beam irradiation technique to improve the properties of the 
EDM’d surface of a stainless steel so that a more desirable recast 
layer may be produced. As well as improvement in surface 
roughness,  repair of EDM induced surface cracks was observed the 
and mechanism of this repair is discussed. 
 
Keywords: EDM, recast layer, crack repair, polishing, electron 
beam melting 

1. Introduction 

EDM is a widely used process for the production of 
mould tools and engineering components involving high-
aspect ratios and conformal geometries. During the 
process much of the material melted during discharge on-
time is not removed but resolidified as a recast layer, with 
properties often undesirable in engineering applications. 
These include high roughness, brittleness as well as 
surface cracks. Reducing the extent of this layer is a 
continued goal of EDM research, given faster machining 
parameters usually yield a larger recast layer. 

It has been shown that the presence of surface cracks 
induced by the EDM process can reduce the fatigue life 
of EDM’d components [1]. This is due to reducing the 2-
stage fatigue failure process of crack formation then 
propagation into one stage of crack propagation. As well 
as the presence of cracks, surface features such as 
asperities and surface cavities which are stress 
concentrators are also known to have a strong influence 
on fatigue life [2, 3].  Uno et al. [4] showed that pulsed 
electron beam treatment of an EDM’d surface can reduce 
its roughness from 6µm Rz to under 1µm as well as 
improve its corrosion resistance. Okada et al. have more 

recently improved the corrosion resistance and blood 
repellency of surgical steel by this method [5].  The 
process has also been used to improve the wear resistance 
of aluminium based alloys [6]. TEM analysis of grain size 
by Zuo et al. [7] has shown grain size reduction to 
approximately 50nm can occur at the surface after 
irradiation, explaining the improved mechanical 
properties of such treated surfaces.  

The potential for the elimination of surface cracks by 
this process as well as changes in phase and orientation of 
the EB treated surfaces of EDM’d components has not 
been assessed. This study therefore investigates the use of 
large-area electron beam irradaition for the potential of 
improving the fatigue life of EDM’d components via the 
suppression of surface cracks as well as the reduction of 
surface roughness of EDM’d surfaces. 

2. Experimental  

AISI 310 stainless steel was used as a workpiece material 
in this study. It is an austenitic, general purpose steel used 
widely in corrosive and high temperature applications. 
Surface roughness was measured by white-light 
interferometry (WLI) with a Fogale nanotech “Photomap 
3D”, and the Sa roughness parameter was used. XRD 
analysis was performed with a Bruker AXS D8 Advance” 
diffractometer using CuK (α) monochromatic radiation. 
Angles used were between 40º and 100º, with a step size 
of 0.04º. Electron microscopy was performed with a 
Hitachi S-2600 SEM. 

2.1. EDM 

A Sodick AP1L micro die-sink EDM machine was used 
to machine shallow slots in 310 stainless steel and induce 
a typical recast layer. Positive electrode polarity was used 
to best represent represent a typical EDM setup. Due to 
carbon adhesion onto tool electrodes in EDM using 
hydrocarbon dielectrics, minimal electrode wear is 
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associated with positive tool polarity [8]. A copper 
electrode was sunk 500µm into the workpiece as shown 
in Fig.  

 

 
 

Fig. 1 Schematic of EDM operation 

The chosen EDM parameters were based upon literature 
for EDM of features with dimension of the order of 
hundreds of microns [9], as well as previous experimental 
tests. The parameters used to produce the surface to be 
subject to electron irradiation are shown in Table 1. 
 

Table 1 EDM Parameters 

 

2.2. Electron beam irradiation 

Electron beam irradiation was performed using a Sodick 
PF32A “EBM”. The process is carried in vacuum 
chamber into which Argon is supplied at a pressure of 
0.05Pa. To produce the electron beam of 60mm diameter, 
a solenoid coil firstly produces a magnetic field, and at its 
maximum intensity a pulsed voltage is applied at the 
anode. Penning ionisation causes electrons to be 
generated which then move towards the anode. Argon 
atoms are then ionised by repeated collisions with 
electrons, generating plasma near the anode. When the 
intensity of this plasma is at a maximum, a pulsed voltage 
is applied to the cathode and electrons from the plasma 
are accelerated towards the workpiece. The bombardment 
of the electrons with the workpiece causes its surface to 
heat then rapidly quench. 

 
Table 2 Electron beam parameters 

The chosen EB parameters are shown in Table 2. Both 
the cathode voltage and the number of shots are vital 
parameters in this process, since the voltage determines 
the acceleration of electrons and therefore the energy 

density, while further shots repeat the process. Two 
cathode voltages were chosen based on previous 
experimental tests to represent medium and high power 
irradiation, with 1, 5, 10 and 20 shots for both settings. 

3. Results and discussion 

3.1. Surface roughness 

The surface finish after irradiation was noticeably 
improved from the initial EDM surface, dominated by 
asperities and cracks. A before and after image with 
irradiation by 20 shots at 35kV is shown in Fig. 2.  

 

 

a 
 

 

b 
Fig. 2 EDM surface a) before and b) after irradiation 

After measurement by WLI, the largest reduction in 
surface roughness occured after the highest number of 
shots of 20 at highest power of 35kV cathode voltage. A 
pre irradiation average roughness of 3.1µm Ra could be 
reduced to 0.9µm. 

The trends in roughness according to increasing 
numbers of shots and the 2 cathode voltages are presented 
in Fig. 3. With both voltages there is a trend downwards 
for Sa roughness with increasing numbers of shots, 
although as expected the higher voltage parameter 
produces a more rapid improvement.  

Crater formation commonly associated with the 
processing of materials by pulsed electron irradiation, and 
is well discussed in the literature was observed in our 
experiments. Under irradiation of 5 shots at 25kV as well 
as 20 shots at 35kV, craters were present. This 
phenomenon occurs due to melting which occurs below 
the surface, and the subsequent expansion and eruption 
from the surface. In steels this has been shown to occur at 
the location of carbides, which serve as nucleation sites 

Electrode 

polarity 

On-time 

(µs) 

Off-time 

(µs) 

Main 

current (A) 

Gap 

voltage 

(V)+ 30 3 4.5 90 

Cathode 

voltage (kV) 

No. of 

Shots  

Anode voltage 

(kV) 

Argon 

Pressure 

25,35 1,5,10,20 5 4.5 
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for sub-surface melting [10]. The frequency of crater 
formation as a result of this process is necessary to 
understand since they are known to accelerate pitting 
corrosion [11]. 

 

 
Fig. 3 Reduction in surface roughness with 25kV and 35kV cathode 

voltage irradiation 

As well as the improvement in surface finish by the 
process, microscopy revealed a significant improvement 
in the proliferation of surface cracks. The next section 
quantifies and discusses this phenomenon. 

3.2 Crack density 

The change in surface crack density was quantified by 
SEM imaging of a statistically significant total area of 
3.15mm2, imaging then tracing the length of each 
individual crack in “ImageJ” image processing software. 
The total length of cracks for each sample was then 
divided by the total area to give the crack density. The 
results are shown in Fig. 4. 

 
Fig. 4 Change in surface crack density after 25kV and 35kV cathode 

voltage irradiation 

 

With 1 shot at both 25kV and 35kV cathode voltage, 
crack density was reduced. After 5 shots however, 25kV 
cathode voltage irradiation increased crack profileration 
to near control levels, which is likely due to the exposure 
of cracks previously repaired at the near surface by 
irradiation induced evaporation. Increasing numbers of 
shots at the higher cathode voltage of 35kV only reduced 
crack density, suggesting any evaporation taking place at 
the surface is not enough to compensate for the repairing 

effect of the irradation process. Further work is to be 
undertaken to assess the mass loss induced by the 
process. Surface images (15kV, 5 shots) were obtained tp 
elucidate the mechanism of repair. These can be seen in 
Fig. 5. 

 

 

a 
 

 

b 
 

Fig. 5 Mechanism of repair of EDM surface cracks after irradiation 

The rounded morphology of cracks at the surface 
subjected to low voltage irradiation suggests surface 
tension effects when both sides of the cracks are molten 
and are responsible for the merged features that are 
observed. This is supported by cross-sectional imaging, 
revealing the rounding of cracks into the recast layer with 
a narrow section joining at the very top surface. After 20 
shots at 35kV voltage, there is no longer evidence of this 
effect, and no cracks are present in the newly re-melted 
layer as observed in the cross-section. The re-melted 
layer after 35kV and 20 shots, compared to the EDM’d 
material can be seen in Fig. 6.   

It was observed that with these particular EDM 
settings, some of the initial recast layer remained 
unaffected at 35kV voltage and highest number of shots. 
This was beneath the uniform, newly re-melted layer 
produced by irradiation. In the unaffected EDM recast 
layer some cracking was observed, although penetration 
neither of the surface nor into the bulk occurred. It is 
thought that with improvements to the current irradiation 
process, specifically higher acceleration voltages, larger 
EDM layers can be re-melted, thus guaranteeing full 
depth of crack repair.  

 
 
 
 



74 J. Murray and A. T. Clare 

 

a 
 

 

b 
 

Fig. 6  Cross-section of a) EDM recast layer and b) uniform 
remelted layer after irradiation 

 

3.3. XRD analysis 

To assess any phase changes or changes in crystalline 
orientation at the surface, XRD analysis was performed  
on an EDM’d sample and a sample irradiated with 20 
shots at 35kV. The XRD plot can be seen in Fig. 7. 

 

 
Fig. 7 XRD plot of EDM’d and irradiated surface. Significant 

crystalline texture is introduced after irradiation. 

 
Significant crystalline texture is introduced by the 
irradiation process, with the (111) planes of the FCC 
phase orienting parallel to the surface. The ratio of 
intensities of the (111) to the (200) peak increases by a 
factor of 2.2. There is also a reduction in the strength of 
the BCC ferrite peak after irradiation. Crystalline texture 
at the surface has potential implications for the 
introduction of anisotropic layers for corrosion resistance, 
as has been shown by Shahryari et al. [12] whereby 

pitting corrosion resistance was improved in 316LVM 
stainless steel under (111) and (100) planar orientation. 

4. Conclusions 

Pulsed electron irradiation with a diameter of 60mm can 
be used to improve the surfaces of EDM’d stainless steel 
in approximately 15 minutes. Sa roughness of surfaces 
above 3µm can be reduced to below 1µm. Repair and 
elimination of surface cracks can occur in the newly re-
melted surface. Crystalline texture can be introduced at 
the surface. 
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Abstract. This paper reports the development of neural network 
model and experimental study of electrical discharge diamond cut-
off grinding (EDDCG) during machining of cemented carbide for 
average surface roughness (Ra). EDDCG is combination of diamond 
grinding and electrical discharge grinding. This process has been 
developed for machining of electrically conductive difficult to 
machine very hard materials such as cemented carbide, Ti-alloy, 
super alloys, metal matrix composites etc. ANN model was 
development for EDDCG process, to correlate the input process 
parameters such as current, pulse-on time, duty factor and wheel 
RPM with the performance measures namely, surface roughness. 
The experiments are carried out on a self developed electrical 
discharge diamond grinding setup in cut-off mode. The range of 
machining parameters was decided on the basis of pilot experiments. 
A total of 81 experiments were performed based on full factorial 
design of experiments. After experimentation the data set were 
divided into a training set and testing set for ANN modeling. 
Seventy present data of total available data set were used for training 
the network and remaining set were used for testing the network. 
The developed architecture can predict average surface roughness 
(Ra) with 0.0140 APE for training and 0.0042 APE for testing. 
Further, variation of surface roughness is plotted against different 
process parameters such as wheel RPM and pulse current.  

Keywords: EDDCG, Ra, Cemented carbide, ANN                    
Hybrid process. 

1. Introduction 

The Hybrid machining processes is defined as 
combination of two or more processes for shaping and 
finishing machine parts, it combining various physical 
and chemical processes acting on workpiece material into 
one machining process. These hybrid machining 
processes are developed to enhance advantages and to 
minimize potential disadvantages associated with an 
individual technique. Electrical discharge diamond 
grinding (EDDG) is a one of the hybrid machining 
process. It is a combination of diamond grinding and 
electrical discharge grinding (EDG). In this process metal 
bonded diamond grinding wheel is used. There are three 
basic configuration by which the combination of grinding 

and EDG can be classified. (1) Electro-Discharge 
Diamond Surface Grinding (EDDSG) (2) Electro-
Discharge Diamond Face Grinding (EDDFG) (3) Electro-
Discharge Diamond Cut-off Grinding (EDDCG). 
EDDSG is used to machine flat surfaces by using 
periphery of the metal bonded diamond grinding wheel. 
Since the work is normally held in a horizontal 
orientation, peripheral grinding is performed by rotating 
the grinding wheel about a horizontal axis. The relative 
motion of the workpiece is achieved by reciprocating the 
workpiece. EDDFG is used flat face of the metal bonded 
diamond grinding wheel. In this mode, the metal bonded 
diamond grinding wheel rotates about vertical spindle 
axis and fed in a direction perpendicular to the machine 
table. While machining, the rotating wheel is fed 
downwards under the control of servo system.  

 

Fig.1. Electrical Discharge Diamond Grinding (EDDG)  setup in 
cut-off grinding 

EDDCG performed using periphery of the thin metal 
bonded diamond grinding wheel. While machining, the 
rotating wheel is fed downward using servo control, for 
material removal in cut-off configuration. Fig. 1 shows 
the self developed electrical discharge diamond grinding 
(EDDG) setup in cut-off mode. In this process metal 
bonded diamond grinding wheel was used. Sparking takes 
place between metallic bonding material and work piece. 
Heat generated during sparking and due to heat softens 
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the work material and hence machining by diamond 
abrasive particles becomes easier. Sparking in the inter 
electrode gap during EDDCG, results in continuous 
dressing of the grinding wheel and hence the wheel 
doesn’t clog also. As a result cutting properties of the 
grinding wheel are stabilized. The projection of diamond 
grain on the bonding material of wheel is called 
protrusion height and gap between the work piece and 
bonding material is called gap width. For proper 
machining of work piece material, the protrusion height 
should be more then inter electrode gap [1]. 

2. Experimentation 

Experiments were conducted on an EDM, attached with 
self developed grinding attachment of EDDCG. The set-
up consists of a metal bonded diamond grinding wheel, 
D.C motor, shaft, V-belt and bearing, mounted on the ram 
of the machine to rotate the metal bonded grinding wheel 
about an axis. The rotating wheel is fed downwards under 
servo control, for material removal in the cut-off 
configuration. The thin metal bonded grinding wheel of 
5.7mm and the work surface are physically separated by a 
gap, the magnitude of which depends on the local 
breakdown strength of the dielectric for a particular gap 
voltage setting [2]. Experiments were performed on 
cemented carbide workpiece. Four input parameters, such 
as current, pulse-on time, duty factor and wheel RPM and 
one output parameter, Ra chosen for modiling. According 
to the size of attachment, size of dielectric tank and 
requirement for machining of cemented carbide material, 
specification of diamond wheel shown in Table 1 

Table 1. EDDCG Wheel specification 

Wheel diameter 100 mm 
Thickness of wheel 5.7 mm 
Grit size 200/230 
Concentration 75 
Bonding Bronze 
Work material Cement Carbide 
Workpiece thickness 5.7 mm 

It was decided to use full factorial design. The number of 
experiments to be performed using full factorial design 
can be given by formula [3].       

                             N= Fk 

where, N= is number of experiments, F= number of 
levels, k= number of factors 

In the present work total of 81 (34) experiments have 
been performed and the value of Ra were taken. After 
experimentation the data set were divided into a training 
set and testing set for ANN modeling. The variation of Ra 
is plotted against different process parameters such as 
wheel RPM and pulse current. 
 

3. ANN based modelling of EDDCG 

The present work was aimed at establishment of 
correlation between input process parameters such as 
current, pulse-on time, duty factors and wheel speed 
with output parameter Ra. There are several algorithms 
in a neural network and the one that has been used in 
the present study is the back-propagation training 
algorithm. The back-propagation neural networks are 
usually referred to as feed forwarded, multilayered 
network with number of hidden layers. The error 
back–propagation process consists of two passes 
through the different layer of the network: a forward 
pass and a backward pass. In the forward pass, an 
activity pattern (input vector) is applied to the sensory 
nodes of the network, and its effect propagates through 
the network layer by layer. Finally, a set of output is 
produced as the actual response of the network. During 
the backward pass, all synaptic weights are adjusted in 
accordance with the error correction rule. Specifically 
the actual response of the network is subtracted from 
the desired (target) response to produce an error signal. 
The synaptic weights are adjusted so as to make the 
actual response of the network move closer to the 
desired network [4]. 

The steps of the ANN calculation during training 
using back propagation algorithm are as follows. 

Step 1: The network synaptic weights are initialized to 
small random values. 
Step 2:  From the set of training input/output pairs, an 
input pattern is  presented and the network response is 
calculated. 
Step 3: The desired network response is compared 
with the actual output of the network, and all the local 
errors to be computed. 
Step 4: The weights preceding each output node are 
updated according to the following  update formula: 

Δwij (t)= η δi oi + α Δwij(t-1) 

Where,η the learning rate, δ the local error gradient, α 
the momentum coefficient, oi the output of the ith unit 
wij represents the weight connecting the ith neuron of 
the input vector and the jth neuron of the output 
vector. The local error gradient calculation depends on 
whether the unit into which the weights feed is in the 
output layer or the hidden layers. Local gradients in 
output layers are the product of the derivatives of the 
network’s error function and the units’ activation 
functions. Local gradients in hidden layers are the 
weighted sum of the unit’s outgoing weights and the 
local gradients of the units to which these weights 
connect.  

Step 5: The cycle (step 2 to step 4) is repeated until the 
calculated outputs have converged sufficiently close to 
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the desired outputs or an iteration limit has been 
reached. 

The various signals are individually amplified, or 
weighted, and then summed together within the 
processing element. The resulting sum is applied to a 
specific transfer function, and the function value 
becomes the output of the processing element. 
Transfer function used in the back-propagation 
network is known as ‘sigmoid function’, which is 
shown below [5]. 

  )(xf = )1(

1
xe−+  

where, X is the sum of the node input 
The absolute prediction error (APE) is calculated 

using following equation [6].  
                          

100
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(%) ×
−
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4. Training and testing of Neural network 

Experiments were performed on cemented carbides 
workpiece. For the training and testing of the neural 
network, it is decided to use full factorial design, 
considering four input process parameters (current, pulse 
on-time, duty factor and wheel RPM) at three different 
levels, total of 81 (34) experiments have been performed 
and the value of Ra taken. After experimentation the data 
set were divided into a training set and testing set for 
ANN modeling. 70% data of total available data set were 
used for training the network and remaining used for 
testing the network. Before training and testing the total 
input and output data were normalized for increase 
accuracy and speed of the network. The datasets were 
normalized using the following equation. 

 
minmax

min

XX

XX
X n −

−
=  

Where, Xn is the normalized value of variable X, Xmin and 
Xmax minimum and maximum value of X in total data sets.                                                   

First, neural network architecture has been decided, as 
there are four inputs and one outputs in the present 
problem, the number of neurons in the input and output 
layer has to set to four and one, respectively. As the 
number of hidden layer in the network increase, the 
complexity increases. Further single hidden layer gave 
comparatively better result with an optimum training time 
[5]. Hence, in the present case only one hidden layer has 
been considered.  

In present problem the number of neurons in the 
hidden layer is changed and the total average prediction 
error for training and validation was calculated for each 
case.  

Figure 2 shows the variation of APE with number of 
neurons in hidden layer in which the number of hidden 
neurons was varied from 3 to 19. The number of neurons 
in hidden layer is 18, for which the average prediction 
error is minimum. 
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Fig. 2.  Plot for determining the number of neurons in hidden layer 

5. Results and discussions 

The data were normalized to lie between 0 and 1.The 
model developed is a back-propagation network having 
18 neurons in the hidden layer. Figure 3 shows the ANN 
architecture proposed for the present problem. It 
considers four inputs current, pulse on-time, duty factor, 
wheel RPM and one outputs Ra. So, 4-18-1 (4 input 
neurons, 18 hidden neurons and 1 output neurons) is the 
most suitable network selected for the present task with 
the help of self developed ANN based MATLAB code. 

 
Fig. 3. The  4-18-1 ANN  model for the Ra 

The developed model was used to predict the output. 
During the training of network the learning rate taken 
as 0.01 to successfully train the network with 
maximum number of epochs 2000. The developed 
architectures 4-18-1 can predict Ra with 0.0140 APE 
for training and 0.0042 APE testing respectively 
shown in Fig. 4. 
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Fig. 4. The variation of  APE with number of epochs 

Figure 5 shows the variation of Ra with wheel RPM 
for different value of gap current. Here, Pulse on-time 
of 50 μs and duty factor of 0.5 was taken. It is 
observed that Ra decreases with increase in wheel 
RPM for all current values. This is due to increase in 
wheel RPM effective flushing of inter-electrode gap 
occurs and therefore, the adherence of resolidified 
eroded particles on the work surface is reduced and the 
resulting surface presents a better finish. It is also 
observed that for a particular wheel RPM, with 
increase in gap current, the Ra value is increases.                                                       
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Fig. 5. Effect of wheel RPM on Ra for different currents during 

EDDCG 

Figure 6 shows the variation of Ra with gap current for 
different values of wheel RPM. Here it is observed that 
the Ra increases with an increase in gap current for all 
value of wheel RPM. This is due to the simultaneous 
occurrence of flushing and efficient sparking material 
removal rate will increase as the energy input 
increases, resulting in bigger craters on the work 
surface and poor surface finish. At higher current 
increases in maximum protrusion height of grains also 
leads to deterioration of surface finish [7]. The SEM 
micrograph of machined surface at 1000 RPM and 5A 
are shown in Fig.7. 
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Fig.6. Effect of current on Ra  for different RPM during EDDCG 

                                                              

 
 

Fig. 7. Micrograph of machined surface observed under SEM 

6. Conclusions 

From the above results and discussion it can be 
concluded that: The developed architectures 4-18-1 
can predict Ra with 0.0140 APE for training and 
0.0042 APE testing respectively. Thus, it is apparent 
that the ANN model can be reliably used for prediction 
of output responses Ra in close conformity to the 
actual experimental data. An improvement in surface 
quality was found by 70% when wheel RPM is 
increase by 700 to 1300 RPM. For RPM range 700-
1300 RPM if current is increased two times (from 3 to 
7A).The Ra increase almost by a factor of 1.5 here the 
quality of surface detoriates for higher current. The 
experiments shows that better Ra achieve with lower 
range of pulse current with higher value of wheel 
RPM.  
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Abstract. An attempt is made for the first time to machine metal 
matrix composite (MMC) consisting of aluminium alloy 360 (A360) 
reinforced with silicon carbide (SiC) particulate with 15 % volume 
fraction using wire electrical discharge turning (WEDT) process. 
WEDT is carried out by incorporating a rotary spindle attachment in 
the existing wire electrical discharge machine (WEDM). The 
experiments are carried out by Response Surface Methodology 
(RSM) using Box-Behnken method. The input machining 
parameters varied at three levels are pulse-on time (TON), gap 
voltage (V) and spindle speed (SS). The significant WEDT 
machining parameters and their levels are obtained for higher 
material removal rate (MRR) by using ANOVA and response 
surfaces. From this study, it is observed that high TON, medium V 
and low SS are resulted in higher MRR. Regression equation is 
established for the MRR for predication. The results obtained from 
this study will be useful to engineers in selecting the appropriate 
input WEDT parameters and their levels for cylindrical turning of 
MMC involving Al/SiCp. 

Keywords: Wire electrical discharge turning; Metal matrix 
composite; Response surface methodology; Material removal rate; 
ANOVA. 

1.  Introduction  

Manufacturing industries today realise the need for 
generating different cylindrical forms in hard and difficult 
to machine materials especially composites. Hence, 
current researchers have made attempts to generate 
precise cylindrical forms using WEDT process in the 
conventional as well as hard to machine materials [1-9]. 
WEDT is type of hybrid machining processes generally 
carried out in WEDM by incorporating a rotary spindle 
attachment. WEDT process is found to have advantages 
over conventional turning process such as good 
repeatability, less deflection of workpiece due to non-
contact process, elimination of stresses during machining, 
etc. In WEDT, the electrically charged wire is controlled 
by the x-y table of the WEDM and the rotational 
movement of the workpiece is controlled by the attached 
rotary motor which results in the removal of work 

material and generates desired cylindrical forms. Fine 
surface finish, less roundness error and enhanced material 
removal are possible by using significant WEDT process 
parameters.  

Literature review indicates that researchers have 
studied the performance of WEDT process considering 
TON, pulse-off time (TOFF), V and SS on MRR, surface 
roughness (Ra) and roundness error for different 
materials. It is observed that the selection of appropriate 
WEDT parameters for each material is a difficult task and 
it is material specific. It is also observed that there has 
been no attempt made to identify significant input WEDT 
process parameters for MMCs. MMCs have gained 
importance in various fields like aerospace, automobiles, 
defense, etc due to their superior properties [10]. The 
most commonly used MMC in different applications is 
found to be the combination of aluminium alloy 
reinforced with SiC (Al/SiC). The Al/SiC MMC in 
various cylindrical forms are expected to replace some of 
the existing materials in different applications. Therefore, 
in this work, an attempt has been made to indentify 
siginificant WEDT process parameters for generating 
cylindrical form in Al/SiC MMC. 

2. Experimental details 

Electronica make WEDM is used in this work, in which 
the WEDT setup is installed (Fig. 1). The WEDT set-up 
consists of various components such as self centering 
chuck, spindle shaft, deep groove single row ball 
bearings, spindle housing, DC motor (12V, 6W), timing 
belt, flanged gears and lock nut. The straight turning 
configuration is used in this work. The gap between the 
wire and workpiece is constantly maintained in the ranges 
between 0.075 mm to 0.1 mm by a CNC positioning 
system. The brass wire of 0.25 mm diameter is used as 
the electrode material. The depth of cut and the length of 
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the cut are maintained as 0.2 mm and 6 mm respectively. 
TOFF and wire tension of 6 µs and 1.2 kgf respectively 
were kept statistically constant. Deionized water is used 
as dielectric fluid. The workpiece material used in this 
work is MMC consisting of A360 reinforced with 15% 
volume fraction of SiC particles (Al/SiCp), which is 
prepared by stir casting process. The particle size of the 
reinforcement material is around 30 µm. Experiments are 
carried out by RSM [11] using Box-Behnken method in 
order to establish relationship between the WEDT 
process parameters and MRR (response). The important 
WEDT parameters such as TON, V and SS are varied at 
three levels (Table 1). The allocation of WEDT 
parameters in the RSM table and experimental results are 
shown in Table 2. Typical machined WEDT component 
is shown in Fig. 2. ANOVA and response surfaces are 
used to determine the effect of input WEDT parameters, 
which are obtained from Design-Expert software. The 
response MRR is calculated using the following formula: 

  

.min/mm
takenTime

workpiecethefromremovedvolumeTotal
MRR 3= (1) 

 

 
Fig. 1. Photograph of the WEDT setup installed in the WEDM 

 
 

Fig. 2.  Photograph of the typical WEDT workpiece 

Table 1. Input process parameters and their levels 
 

Parameter Low Centre High 

Pulse on time  [TON] (µs) 6 8 10 

Gap voltage [V] (Volts) 45 50 55 

Spindle speed [SS] (rpm) 125 150 175 
 

3. Results and discussion 

Table 3 shows ANOVA results obtained for the MRR. It 
indicates that among the input process parameters studied 
in this work, the individual effect of TON is found to be 
significant, while V and SS are found to be insignificant. 
However, the quadratic effect of the V is also found to be 
significant (Table 3). The relationship between the input 
parameters and the response MRR is expressed in the 
form of regression equation and it is given below:  
MRR = –175.29 + 7.24*TON + 6.45*V – 0.144*SS –  
             0.043*TON*V – 0.014*TON*SS – 0.006*V*SS –  
              0.14*TON

2 – 0.051*V2 + 0.002*SS2                                                   (2) 
 

Table 2  WEDT parameters and experimental results 

Ex. No 
TON 
(µs) 

V 
(Volts) 

SS 
(rpm) 

MRR 
(mm3/min) 

1 6 45 150 6.99 
2 10 45 150 10.17 
3 6 55 150 8.38 
4 10 55 150 9.84 
5 6 50 125 8.97 
6 10 50 125 14.26 
7 6 50 175 9.71 
8 10 50 175 12.15 
9 8 45 125 8.28 
10 8 55 125 11.56 
11 8 45 175 10.93 
12 8 55 175 11.36 
13 8 50 150 10.81 
14 8 50 150 10.76 
15 8 50 150 10.45 

Table 3 ANOVA table of MRR 
 

S SS Dof M F P 

*Model 39.80 9 4.42 5.57 0.036 

*TON 19.13 1 19.13 24.08 0.004 

V 2.84 1 2.84 3.58 0.117 

SS 0.15 1 0.15 0.18 0.686 

TON x V 0.74 1 0.74 0.93 0.378 

TON x SS 2.03 1 2.03 2.56 0.170 

V x SS 2.03 1 2.03 2.56 0.170 

TON
2 1.09 1 1.09 1.38 0.293 

*V2 6.09 1 6.09 7.67 0.039 

SS2 4.83 1 4.83 6.08 0.056 

Residual 3.97 5 0.79 - - 

Lack of Fit 3.90 3 1.30 34.14 0.028 

Pure Error 0.08 2 0.04 - - 

Cor Total 43.77 14 - - - 
*Significant, S- Source, SS-Sum of square, Dof- Degree of freedom,  
M- Mean Square, F- F value, P- P value. 

Fig. 3 indicates response surface of MRR by varying the 
SS and V, while TON is held constant at low level [Fig. 3 

WEDT 
Set-up 
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(a)], medium level [Fig. 3 (b)] and high level [Fig. 3 (c)]. 
Fig. 3a indicates that with low TON, higher MRR is 
achievable with low SS and V in between medium and 
high level (50 V to 55 V). The maximum MRR 
achievable with this combination is found to be 10.3 
mm3/min. Fig. 3 (b) indicates that with medium TON, 
higher MRR is achievable with V in between medium 
and high level (50 V to 55 V) and low SS. The maximum 
MRR is found to be 11.9 mm3/min. Fig. 3c indicates that 
with high TON, higher MRR is achievable with V in 
between medium and high level (50 V to 55 V) and low 
SS. The maximum MRR is found to be 13.4 mm3/ min. 
By comparing the influence of different levels (low, 
medium and high) of  TON from Fig. 3, it is observed that 
high TON results in higher MRR. High TON generates high 
discharge energy and therefore creates wide and deep 
craters in the workpiece surface, which leads to higher 
MRR [2,4,12,13]. 
  

 

 
 

a) Spindle speed Vs Gap voltage (at low TON) 

 

 
 

b) Spindle speed Vs Gap voltage (at medium TON) 

 

 
 

c) Spindle speed Vs Gap voltage (at high TON) 

 
Fig. 3 Response surface of MRR at various TON levels 

Fig. 4 indicates response surface of MRR by varying the 
SS and TON, while V is maintained at low level [Fig. 4 

(a)], medium level [Fig. 4 (b)] and high level [Fig. 4 (c)]. 
Figure 4 (a) indicates that with low V, higher MRR is 
achievable with TON at its high level and low SS. The 
maximum MRR is found to be around 11.4 mm3/ min. 
Fig. 4 (b) indicates that with medium V, higher MRR is 
achievable with low SS and high TON. The maximum 
MRR is found to be around 13.4 mm3/ min. Fig 4 (c) 
indicates that with high V, higher MRR is achievable 
with low SS and high TON. The maximum MRR is found 
to be around 13 mm3/min. By comparing the influence of 
different levels (i.e. low, medium and high) of V from 
Fig. 4, it is observed that medium V results in higher 
MRR. The high V also results in nearly similar value. 
However, the use of high V is not advisable because it 
will increase the manufacturing cost (high wear rate of 
the wire), lead to arcing and also increase the rate of 
deposition of resolidification/recast layer on the 
workpiece [12,13]. Hence, medium V is preferable for 
higher productivity and continuous machining without 
breakage of wire electrode. 

 

 
 

a) Spindle speed Vs Pulse on time (at low V) 

 

 
 

b) Spindle speed Vs Pulse on time (at medium V) 

 

 
 

c) Spindle speed Vs Pulse on time (at high V) 

 
Fig. 4 Response surface of MRR at various V levels 

Fig. 5 indicates response surface of MRR by varying the 
TON and V, while SS is held constant at low level [Fig. 5 
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(a)], medium level [Fig. 5 (b)] and high level [Fig. 5 (c)]. 
Fig. 5 (a) indicates that with low SS, higher MRR is 
achievable by maintaining the V between medium level 
to high level and the TON at its high level. The maximum 
MRR is found to be around 13.1 mm3/min.  Fig. 5 (b) 
indicates that with medium SS, higher MRR is achievable 
with high TON and V between medium and high level. 
The MRR achievable with this combination is found to be 
around 11.7 mm3/min. Fig. 5 (c) indicates that at with 
high SS, higher MRR is achievable between  medium and 
high V and TON at its high level. The  maximum MRR is 
found to be 12.2 mm3/min. By comparing the influence of 
different SS levels from Fig. 5, it is observed that low SS 
results in higher MRR. Low SS may increase the 
temperature concentration on the workpiece surface 
during machining compared to that of medium and high 
SS and hence results in the increased MRR. Low SS may 
also effectively improve the circulation of the dielectric 
fluid in the spark gap and enhances the MRR [2,4]. 

 

 
 

a) Pulse on time Vs gap voltage (at low SS) 

 

 
 

 Pulse on time Vs gap voltage (at medium SS) 

 

 
 

c) Pulse on time Vs gap voltage (at high SS) 

Fig. 5 Response surface of MRR at various SS levels 

 
 

 

4. Conclusion  

The influence of WEDT process parameters such as TON, 
V and SS on MRR are analysed for machining of Al/SiCp 
MMC. The experiments are carried out as per RSM using 
Box-Behnken method. The significant parameters and 
their levels are identified for achieving higher MRR with 
the help of ANOVA and response surfaces. It is found 
that high TON, medium V and low SS leads to higher 
MRR and effective machining. Hence, these combinatons 
are recommended for WEDT of Al/SiCp MMC in order to 
achieve higher MRR. Regression equation is established 
for MRR for easier predication. 

References 

[1] Haddad MJ, Alihoseini F, Hadi M, Hadad M, Tehrani AF,  
Mohammadi A, (2010) An experimental investigation of 
cylindrical wire electrical discharge turning process. Int J  
Adv Manuf Tech 46:1119-1132 

[2] Qu J, Shih AJ, Scattergood RO, (2002) Development of the 
cylindrical wire electrical discharge machining process Part 1: 
Concept, design, and material removal rate. J Manuf Sci and 
Engg 124:702-707 

[3] Qu J, Shih AJ, Scattergood RO, (2002) Development of the 
cylindrical wire electrical discharge machining process  Part 
2: Surface integrity and roundness.  J Manuf Sci and Engg 
124: 708-714 

[4] Mohammadi A, Tehrani AF, Emanian E, Karimi D, (2008) 
Statistical analysis of wire electrical discharge turning on 
material removal rate. J Mat Proc Tech 205:283-289 

[5] Mohammadi A, Tehrani AF, Emanian E, Karimi D, (2008) A 
new approach to surface roughness and roundness 
improvement in wire electrical discharge turning based on 
statistical analyses. Int J  Adv Manuf Tech 39:64-73 

[6] Haddad MJ, Tehrani AF, (2008) Material removal rate 
(MRR) study in the cylindrical wire electrical discharge 
turning (CWEDT) process. J Mat Proc Tech 199:369-378 

[7] Haddad MJ, Tehrani AF, (2008) Investigation of cylindrical 
wire electrical discharge turning (CWEDT) of AISI D3 tool 
steel based statistical analysis, J Mat Proc Tech 198:77-85 

[8] Matoorian P, Sulaiman S, Ahmad MMHM, (2008) An 
experimental study of optimization of electrical discharge 
turning (EDT) process. J Mat Proc Tech 204:350-356 

[9] Janardhan  V, Samuel GL (2010) Pulse train data analysis to 
investigate the effect of machining parameters on the 
performance of wire electro discharge turning (WEDT) 
process. Int J Mach Tools Manuf 50:775-788 

[10] Chawla N, Chawla KK (2006) Metal matrix composites, 
Springer, Newyork, USA 

[11] Montgomery DC (2001) Design and analysis of experiments. 
John Wiley & Sons, Singapore 

[12] Satishkumar D, Kanthababu M, Vajjiravelu V, Anburaj R, 
Thirumalai Sundarrajan N, Arul H (2011) Investigation on 
wire electrical discharge machining characteristics of 
Al6063/SiCp composites. Int J Adv Manuf Tech 56: 975-986 

[13] Garg RK, Singh KK, Sachdeva A, Sharma VS, Ojha K, Singh 
S (2010) Review of research work in sinking EDM and 
WEDM on metal matrix composite materials. Int J Adv 
Manuf Tech  50:611-624. 

 
 

b)



3-5 

Study on electrolyte jet machining of cemented carbide 

K. Mizugai1, N. Shibuya2 and M. Kunieda1 
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Abstract. In this study, electrolyte jet machining (EJM) was 
attempted on cemented carbide. NaNO3 aqueous solution was used 
as the electrolyte instead of NaOH aqueous solution, which is 
normally used for the electrochemical machining of cemented 
carbide, because of its hazardous characteristics. The machining was 
carried out with alternating current (AC) because it enables more 
localized dissolution under the jet than direct current (DC), however 
an insulator nozzle was additionally employed during AC 
machining, and was found to be effective for preventing nozzle wear 
often seen in AC machining as well as for obtaining more localized 
dissolution area even in DC machining. 

Keywords: Electrolyte jet machining, ECM, micro machining, 
cemented carbide, insulator nozzle 

1.  Introduction 

In electrolyte jet machining (EJM) [1, 2], the workpiece 
is machined only in the area which is hit by the 
electrolyte jet by applying an electrical current through 
the jet. By translating the jet on the workpiece, intricate 
patterns can be fabricated without the use of special 
masks [3], since the distribution of current density is 
localized under the jet [4]. Given that electrolyte jet 
machining is an electrochemical process, no burrs, cracks, 
or heat affected zones are generated on the machined 
surface. Kunieda et al. [3] has therefore been using this 
method for texturing micro indents on the surface of 
rolling bearings to extend fatigue life. Moreover, because 
most electrically conductive materials can be machined 
regardless of their hardness, this method can be applied to 
the machining of cemented carbide. However, use of pure 
NaNO3 or NaCl aqueous solution results in the formation 
of a tungsten oxide layer on the workpiece surface which 
hinders the further dissolution of tungsten carbide (WC). 
Although WC grains can be dissolved by an electrolyte 
containing NaOH [5], this hazardous electrolyte cannot 
be used in EJM, because electrolyte mist is generated 
when the electrolyte is hitting the workpiece surface. On 
the other hand, Masuzawa et al. [6] succeeded in the 
electrochemical surface finishing of cemented carbide 
using harmless NaNO3 solution as the electrolyte with 

bipolar pulse current, based on the fact that NaOH is 
generated on the cathode surface during the process. For 
this reason, the authors attempted the machining of 
cemented carbide by EJM using NaNO3 aqueous solution 
in this study. To obtain higher machining accuracy, 
choice of jet nozzle materials and machining current 
conditions were also investigated. 

2.  Electrolyte jet machining (EJM) 

2.1. Principle of EJM 

Electrolyte jet machining is carried out by jetting 
electrolytic aqueous solution from a nozzle towards the 
workpiece while applying voltage between the nozzle and 
workpiece. When the electrolyte jet hits a plate at a 
sufficiently high velocity, it flows radially outwards in a 
fast thin layer which suddenly increases in thickness. 
Equipotential surfaces in the jet at this time are shown in 
Fig. 1 (a) and distribution of the current density is 
concentrated in the area under the jet as shown in Fig. 
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Fig. 1. Analysis of potential and current distribution in EJM [4] 
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1(b) [4]. Thus, electrolytic dissolution is limited to the jet 
impinging area. The following is the chemical reaction on 
the anode surface in the electrochemical machining of 
cemented carbide using a mixed solution of NaOH and 
NaCl as the electrolyte [5]. Co is oxidized into Co2+. 

Co → Co2+2e- (1) 

WC is oxidized into WO3, thereby forming a thin oxide 
film on the anode surface. Then NaOH reacts with WO3 
as: 

WO3+2NaOH → Na2WO4+H2O (2) 

Since the oxide layer of WO3 is removed, machining can 
progress. If NaOH is not mixed into the NaNO3 solution, 
WO3 film cannot be removed, thus machining is 
prevented. On the other hand, the following reaction 
occurs on the cathode surface in parallel to the reaction of 
hydrogen gas generation. 

2H2O+2Na+2e- → 2NaOH+H2↑ (3) 

In EJM using direct current (DC), since NaOH formed on 
the inner surface of the cathode nozzle is transferred to 
the surface of the anode workpiece by the convection of 
the jet, NaOH need not to be added to the electrolyte prior 
to machining. Using alternating current (AC), as 
Masuzawa et al. [6] found in the electrochemical surface 
finishing of cemented carbide with NaNO3 aqueous 
solution, the WO3 film formed on the workpiece surface 
when the workpiece serves as the anode can be removed 
by NaOH which is generated when the workpiece serves 
as cathode. Hence in EJM, cemented carbide can be 
machined using either DC or AC current. 

2.2.  Experimental equipment 

Figure 2 shows the experimental setup. The workpiece 
was fixed in a work tank whose position was controlled 
horizontally using an XY table. The nozzle was installed 
on the Z table to adjust the gap width between the nozzle 

and workpiece. The electrolyte was supplied from the 
pressure tank pressurized by an air compressor. 

3.  Pit machining of cemented carbide 

3.1. DC machining 

NaOH generated on the inner surface of the cathode 
nozzle is transferred to the workpiece surface in EJM. 
Based on this idea, pits were machined on a cemented 
carbide plate using a standing jet of NaNO3 aqueous 
solution, through which DC current was supplied. The 
machining conditions are shown in Table 1. A metallic 
cylindrical nozzle ϕ400µm in inner diameter was used. 
The cross-sectional view of a machined pit is shown in 
Fig. 3(a). The diameter of the machined area was over 
four times larger than the nozzle inner diameter. This is 
because the NaOH concentration distributed widely. 
From the equipotential surfaces in the jet shown in Fig. 
1(a) calculated by Yoneda et al. [4], it is found that 
NaOH is mostly generated at the inner edge of the nozzle 
outlet where the potential gradient is steep. Hence, the 
NaOH concentration is highest on the side surface of the 
cylindrical jet but lowest at the center. As shown in Fig. 
4, since NaOH is transferred to the workpiece surface 

Nozzle inner diameter [µm] ϕ 400  

Gap width between nozzle 
and workpiece [mm]  

4.0  

Tank pressure [MPa]  0.5  

Machining current [mA]  30  

Machining time [s]  30  

Work material 

Cemented carbide  V30 

 

Fig. 4 Flow of NaOH 

Nozzle 

Equipotential 
surface Electrolyte

Hydraulic 
jump

Workpiece 

NaOH 

Table 1. Machining conditions in pit machining 

(b) Insulator nozzle 

(a) Metallic nozzle 

Fig. 3. Cross-sectional view of pits machined using 

20µm 

500µm 

Fig. 2. Experimental equipment 

tank 

(WC particle size : 1.0-2.5µm)
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without mixing into the center of the jet, machining 
mostly occurs in the periphery of the jet colliding area. 
This finding led to the idea of using the insulator nozzle 
shown in Fig. 5. Since NaOH is generated in the hollow 
space of the metallic nozzle holder, NaOH concentration 
tends to become uniform due to the turbulent flow before 
the electrolyte flows into the ceramic pipe. Figure 3 (b) 
shows the cross-section of a pit machined using the 
insulator nozzle under the same conditions as those 
shown in Table 1. It was found that the insulator nozzle is 
effective for realizing selective machining under the jet. 
Figures 6 and 7 show the effects of machining current and 
time on the pit shape, respectively. The other conditions 
used were the same as those in Table 1. Fig. 6 shows that 
excessive currents larger than 30mA cause enlargement 
of the machined pit area with decreased pit depth. Fig. 7 
shows that the pit becomes deeper proportionally to the 
machining time under the conditions used in the 
experiment. 

 
3.2. AC machining 

Even if NaOH is not mixed in the NaNO3 aqueous 
solution, NaOH can be generated on the workpiece 
surface while the polarity of the workpiece is negative 
using AC current. Masuzawa et al. [6] employed this 

reaction and succeeded in the electrochemical surface 
finishing of cemented carbide using AC current. With AC 
current, the NaOH generated when the workpiece polarity 
is negative dissolves the WO3 film formed over the 
workpiece when the workpiece polarity is positive. 
Hence, cemented carbide can be machined by EJM using 
AC current. To prove this idea, we machined pits on 
cemented carbide using the same cylindrical metallic 
nozzle as that described in Section 1.3.1 with an AC 
rectangular pulse current of ±30mA at a frequency of 
5Hz. Fig. 8 (a) shows the cross-section of the pit 
machined. The comparison between Fig. 8 (a) and Fig. 3 
indicates that the diameter of the pit machined with AC 
current is smaller than that with DC current. With the 
metallic nozzle however, the inner edge of the nozzle 
outlet wears out when the polarity of the nozzle is 
positive, resulting in deformation of the jet. Fig. 9 shows 
the cross-sections of a metallic nozzle at the outlet before 
and after the machining time of 15 min. The inner edge of 
the nozzle outlet wore preferentially because the current 
density was highest at the edge as indicated by Fig. 1(a). 
To solve this problem, the insulator nozzle in Fig. 5 was 
applied to the AC machining. As shown in Fig. 8 (b), the 
diameter of the pit machined using the insulator nozzle 
was twice as large as the nozzle inner diameter, a little 
larger than the case of the metallic nozzle shown in Fig. 8 
(a). This is probably because the jet shape was not 
parallel in the case of the ceramic nozzle because it was 
not built specifically for this study. We investigated the 
effects of peak current, machining time, and current 
frequency on the shape of the pits machined using the 
insulator nozzle, as shown in Figs. 10, 11, and 12, 
respectively. Machining conditions other than these were 

 Fig. 5 Insulator nozzle 

Metallic 
nozzle holder 

Ceramic pipe 

Electrolyte jet Jet direction 

Fig. 9. Wear of metallic nozzle at outlet in AC machining 

(a) Before machining (b) After machining 

(a) 10sec. (b) 30sec. 

(c) 50sec. (d) 70sec. 
Fig. 7. Influence of machining time on pit shape with DC current 

20µm

500µm

(a) Metallic nozzle 

Fig. 8 Cross-section of pit machined with AC (5Hz) 
(b) Insulator nozzle 

20µm 
500µm 

(a) 10mA (b) 30mA 

(c) 50mA (d) 70mA 
Fig. 10. Influence of peak current on pit shape with AC current 

20µm 

500µm 

(a) 10mA (b) 30mA 

(c) 50mA 

(d) 70mA 

Fig. 6 Influence of current on pit shape with DC current 

500µm 

20µm
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the same as those used in Fig. 8. Although higher 
machining current resulted in deeper pit depth, excessive 
current led to saturation in the pit depth. The machined 
depth increased proportionally to the machining time. 
Figure 12 shows that the optimal frequency of the AC 
current was 5 Hz. 
 

4. Observation of machined surface 

Figure 13 shows the SEM images of the micro structures 
on the bottom surface of the pits machined by EJM under 
the machining conditions in Table 1. It can be seen from 
Figure 13 (c) that WC grains were removed more 
preferentially than Co binder with AC current of 5Hz, 
where machining rate was comparatively high. On the 
other hand, Figs. 13 (b) and 13 (d) show that the Co 
binder was dissolved selectively leaving WC grains on 

the surface in machining using DC current and AC 
current with 50 Hz, where machining rate was low. 

 

5. Conclusions 

In the EJM of cemented carbide with DC current, NaOH 
generated in the cathode nozzle is transferred by the jet to 
the workpiece surface, where WO3 film is removed, 
thereby allowing material removal to progress. The newly 
developed insulator nozzle enables more localized 
dissolution under the jet impinging area than metallic 
nozzle. Although AC current realizes more localized 
machining than DC current, the inner edge of the metallic 
nozzle wears out. Thus, the insulator nozzle is useful for 
preventing nozzle wear when machining with AC current.  
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Fig. 13 Micro structure of surface machined by EJM 

(a) Before machining (b) After machining (DC)  

(c) After machining (5Hz)  (d) After machining (50Hz)  

(a) 10sec. (b) 30sec. 

(c) 50sec. (d) 70sec. 
Fig. 11 Influence of machining time on pit shape with AC current

20µm

500µm

Fig. 12. Influence of current frequency on pit shape with AC current
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The material removal rate increases during machining of the steel St 37 
(DIN 17100) in the electrical discharge machining process 

S. Santos, A. Gomes and J. D. Marafona 
Departamento de Engenharia Mecânica,  Faculdade de Engenharia da Universidade do Porto 
Rua Dr. Roberto Frias, 4200-465 Porto, Portugal 

Abstract. In this article is shown that the material removal rate 
increases with machining time, until a peak in the material removal 
rate be reached for a depth of cut, followed by its decrease with the 
increase of the depth of cut. This statement is opposite to that says 
that material removal rate decreases with machining time followed 
by a stabilization. The increase of the material removal rate depends 
more on the pulse duration, than of the current intensity. There is a 
fast increase in the material removal rate until the peak be reached 
when small pulses are used, in opposition to a slow increase when 
long pulses are used.  The material removal rate is low for small 
machining times independently of the pulse duration and current 
intensity. This behavior of the material removal rate was found for 
the current intensities and duration of pulses used. Thus, the research 
shows not only that the material removal rate increases during 
machining time, in opposition to the idea that it decreases, but also 
that the material removal rate decreases for a depth of machining due 
to the degradation of the machining conditions. Therefore, the 
increase of the material removal rate is due to the machining 
conditions (debris particles in the gap) and/or occurrence a 
metallurgical modification. 

Keywords: Electrical discharge machining (EDM); machining 
depth; debris particles; gap flushing; Material removal rate (MRR). 

1. Introduction 

Electrical discharge machining (EDM) is a non-traditional 
manufacturing process where the material is removed by a 
succession of electrical discharges, which occur between 
the electrode and workpiece that are submersed in a 
dielectric fluid, such as, kerosene or deionised water. The 
electrical discharge machining process is widely used in 
the machining of hard metals and its alloys in the 
aerospace, automobile and moulds industries. 

The flushing of debris particles and the cooling of 
dielectric fluid in the gap are critical characteristics to 
prevent the same localization and concentration of 
discharges [1]. The debris particles play a role in the 
ocurrence of the discharge in the electrical discharge 
machining (EDM) [2]. So, the stability of electrical 
discharges for small depths of cut is easily achieved by 

replacement of the contaminated dielectric fluid with a 
fresh one.  

The material removal rate increases due to the 
interactions of workpiece hardness and EDM input 
parameters [3]. The workpiece hardness is obtained with 
heat treatments, so, being the electrical discharge 
machining characterized by a electric-thermal 
phenomenon, leads to the ocurrence of metalurgical 
modification of the base material of the workpiece [4]. 

On the one hand, it is known that the material removal 
rate decreases when there is a decrease in the surface 
roughness of the workpiece. On the other hand, the 
material removal rate increases simultaneously with the 
reduction of surface roughness of workpiece, according to 
Abbas et al. [5]. Only, the metallurgical modifications of 
the base material of the workpiece explains the latter 
statement. Therefore, the authors decided to investigate 
the effect of cut depth on material removal rate and 
electrode wear rate in a low carbon steel – St 37 (DIN 
17100) using the flushing of debris with dielectric fluid at 
a pressure of 1bar. 

2. Experimental methodology 

This methodology was designed and performed in a die-
sinking EDM machine, AGIE COMPACT 3, equipped 
with adaptive control facilities. The adaptive control 
optimization (ACO) system enables the process to be 
optimized automatically and it was switched off so that 
the results can be generalized to all machines. The 
electrode and workpiece materials are electrolytic copper 
and steel DIN 17100-St 37, respectively. The workpiece 
was a parallelepiped with dimensions of 300x60x25 mm3. 
The electrodes used were copper rods 16 mm in diameter 
and a length of 100 mm. The EDM performance is related 
to the efficiency, which is determined in the EDM process 
by the material removal rate and tool wear rate. Quality is 
determined by the accuracy and surface roughness. 
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Three values of current intensity together with three pulse 
duration values were used in the experiments and the 
remaining input parameters were taken from the 
handbook of the AGIE manufacturer. So, the experiments 
were realized with the current intensities of 19.3A, 25.4A 
and 37.1A, together with duration pulses of 18μs, 75μs 
and 420μs. 

This experimental methodology enables determine the 
cut depth as a significant contributor to the material 
removal rate for different cut depths with flushing of 
debris with dielectric fluid at a pressure of 1bar. 

3. Experimental results 

The experimental results obtained in the research, using 
the die-sinking EDM machine AGIE COMPACT 3, were 
analyzed to check the removing of material during the cut 
depth. On one hand, it is well accepted that material 
removal decreases with machining time due to the large 
number of debris in the gap, causing instability in the 
machining. On the other hand, some authors point out that 
the cleaning conditions of the dielectric in the beginning 
of the machining are not favorable to a good machining. 

The authors of the research intend to demonstrate that 
the material removal rate in the beginning of the 
machining is smaller than during machining. 

3.1. Effect of machining depth on material removal 
rate 

Large cut depths are a factor of instability, because the 
debris particles that are in the gap are difficult to flush 
with fresh dielectric under pressure. However, the 
flushing of debris particles can be done without 
difficulties for small depths of cut and so, it would be 
expected to increase in the material removal rate for small 
depths of cut. Marafona and Araújo [3] pointed out that 
the workpiece hardness and its interactions with input 
parameters affect the EDM performance. So, the authors 
studied these effects on steel with low content of carbon 
St 37 (DIN 17100). Therefore, the material removal rate 
was evaluated for the cut depths of 1mm, 6mm and 
12mm. 

The effect of cut depth on material removal rate for 
the current intensity of 19.3A is analyzed in Fig.1.  From 
the Figure is demonstrated that the material removal rate 
is smaller for the cut depth of 1mm, independently of the 
pulse duration used. The maximum removal rate seems to 
be achieved between the depth of 6mm and 12mm, follow 
by a degradation of the machining conditions. Figure 2 
and 3 show that the material removal rate found in similar 
conditions of machining for the current intensities of 
25.4A and 37.1A. The results are very similar to the 
current intensity of 19.3A presented in Fig. 1. 
The current intensities of 19.3A, 25.4A and 37.1A show a 
maximum rate of removal material of 45.0mm3/min, 

54.1mm3/min and 83.2mm3/min respectively. These 
maximum values were obtained using the pulse duration 
of 420μs and the cut depth of 12mm. So, one can 
conclude that the material removal rate increases with the 
increase of the cut depth and after there is a degradation 
of the machining conditions that leads to a decrease in the 
material removal rate. 

 

 

Fig. 1 Effect of machining depth on MRR for the current intensity of 
19.3A.  

 

Fig. 2 Effect of machining depth on MRR for the current intensity of 
25.4A. 

 
Fig. 3 Effect of machining depth on MRR for the current intensity of 

37.1A. 

 
In Fig. 1 is shown that the material removal rate is higher 
for the pulse duration of 75μs and the cut depths of 1mm 
and 6mm. This behaviour is followed by other current 
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intensities as shown in Fig. 2 and 3, being this behaviour 
according to the trend of the material removal rate with 
the pulse duration. 

Therefore, the research demonstrates that the material 
removal rate increases with the increase of cut 
depth,which is opposite to the idea that the material 
removal  rate decreases  and tends to a constant value 
during the machining. 

4. Conclusion 

The research results show that the material removal rate is 
affected by machining cut depth. This is demonstrated by 
the experimental results using the steel, St 37 (DIN 
17100) that has a very small amount of carbon, and so,  
passible to have great changes in its metallurgical 
structure. As, main conclusion the authors can to say that 
there is an increase in the material removal rate with the 
increase of machining cut depth, followed by a 
degradation of the machining conditions, which lead to a 
decrease in the material removal rate, when is used the 
steel St 37 (DIN 17100). 
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