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The workpiece produced by wire electrical discharge machining (WEDM) has the surface variations
caused by simultaneous heating and cooling process during machining. The thermally affected layers
have great effect on mechanical and metallurgical properties. It is not possible to achieve good surface
finish (Ra) with a single pass. After the machining process few finishing passes have to be used to
produce a better surface finish. In this paper an attempt is made to achieve maximum surface finish by
using multi cutting passes in WEDM. The Metal Matrix Composite (MMC) workpieces were machined
at one, two and three cutting passes and the Ra of the workpieces of MMC is measured. Field Emission
Scanning Electron Microscopy (FESEM) picture is analyzed to study the white layer or recast layer and
heat affected zone (HAZ) in the machined surface of the workpiece. By the experimental results, it is
found that Ra value is reduced by increasing the number of cutting passes. In rough cutting pass the
white layer is formed which increases the surface cracks and craters. In semi finish cutting passes the
thickness of the white layer is reduced and it decreases the surface cracks and craters and in finish
cutting pass the white layer is completely removed.
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much easier to quote. Electrical discharge
machining (EDM) leaves a totally random pattern
on the surface as compared to tooling marks left
by milling cutters and grinding wheels. The EDM
process leaves no residual burrs on the workpiece,
which reduces or eliminates the need for
subsequent finishing operations.

1. Introduction:
Electrically conductive materials regardless of the
hardness, from relatively common materials such
as tool steel, aluminum, copper, and graphite, to
exotic space-age alloys including
hastaloy,
waspaloy,
inconel,
titanium,
carbide,
polycrystalline diamond compacts and conductive
ceramics can be easily machined by WEDM. The
wire does not touch the workpiece, so there is no
physical pressure imparted to the workpiece
compared to grinding wheels and milling cutters.
The amount of clamping pressure required to hold
small, thin and fragile parts is minimal,
preventing damage or distortion to the workpiece.
The accuracy, surface finish and time required to
complete a job is extremely predictable, making it

WEDM is a thermo machining process (Figure
(1)) in which the material is machined by
electrical discharge that is created between tool
and workpiece. Workpieces machined by WEDM
has some surface alterations which results from
simultaneous heating and cooling in the process.
The thermally affected layers have great impact
on the mechanical properties of the workpiece [1].
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EDM machine produces thermal energy that is
converted from electrical energy when the spark
discharge occurs. The workpiece material melted
and vaporized by the temperature produced during
the process. The molten material from the
workpiece region is solidified and it was flushed
by the dielectric medium.

extra-finished surface was partly covered with
loose deposit particles, they were denser and
smoother than other surfaces.

The surface of the machined workpiece has
thermally altered layers known as recast layer and
heat affected zone (HAZ). In these layers the
material is too hard and brittle which increases the
abrasion and erosion resistance. This HAZ form
voids and cracks which reduces the mechanical
properties. If the machined workpiece is subjected
to impacts and stresses, these cracks are the main
cause for the failure of the components.
Figure (2): Experimental setup
Sarkar et al developed a second-order
mathematical model, in terms of machining
parameters for surface roughness, dimensional
shift and cutting speed using response surface
methodology (RSM). The trim cutting operation
has been optimized for a given machining
condition by desirability function approach and
Pareto optimization algorithm. Finally it was
observed that performance of the developed
Pareto optimization algorithm is superior
compared to desirability function approach [7].
Velmurugan et. al. investigates the machining
characteristics of Al6061 metal matrix composites
processed by EDM. Mathematical models were
developed using the MINITAB R14 software and
the method of least squares technique was used to
calculate the regression coefficients. Surface
characteristics of the machined specimens are
studied and correlated with the models developed
[10].

Figure (1): Schematic of the experimental setup.
Yu Huang et al [2] analyzed the generation of
discharge craters with small discharge energy and
described the material removal and generation of
discharge crater shapes. Improper selection of
parameters can cause short circuits, low material
removal rate (MRR) and high surface roughness.
Huang et al [3] analyzed the microstructures of
the finished surfaces using negatively and
positively polarized wire electrode. The chemical
composition is also analyzed using Energy
dispersive X-ray Spectrometer (EDX) integrated
with a scanning electron microscope (SEM).

Lauwers et al investigates the Wire-EDM
behaviour of various electro-conductive ZrO2
ceramic matrix composites. The influence of the
type and grain size of the second phase on the
EDM material removal rate and surface roughness
is studied. It is concluded that a variation in grain
size of the second phase material significantly
influences the EDM performance, which is related

Craters and martensite laths were registered in the
micrograph of the finished surface machined. The
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to the microstructure and the properties of the
material [11]. This work focus on the
improvement of the surface roughness by
increasing the number of finishing cuts for the
workpiece and machined surface characteristics
are studied.

The heat energy produced by electrical sparks is
used to remove the material from the workpiece.
HAZ and white layer is created by these sparks
[5]. The depth of the HAZ and white layer is
formed based on the power, type of power supply
and the number of skim cuts. The recast contains
a layer of molten material. During finish cuts,
lower amount of energy is applied to the surface.
This reduces and in some cases eliminates the
formation of recast layer. In this work three
cutting passes and the parameters are selected
based on the test run [8, 9]. The entire removal
process is divided into three regions and for each
region 0.08mm feed is given by the machine [1].
The first region removes the material by using a
rough cut parameter setting. The second region
removes the material by using semi finish cut
parameter setting and the third uses the finish cut
parameter setting. The first machining is done by
using the parameters shown in the Table (1). In
this, the workpiece is machined with a single
cutting pass to complete the required dimension.

2. Experimental:
(A) Preparation of workpiece: The workpiece
material chosen for machining is MMC material
(Al6061+7%SiCp+3%B4Cp) with the thickness (t)
of 10 mm and the size of 100×50 mm. The
workpiece is fabricated by stir casting method.
The preheated temperature of the die and
particulates are 600oC and 850oC. The aluminum
is kept inside the crucible and a small percentage
of coverall is added. Aluminum is melted and
ingredients like coverall, degas and nuclide is
added into it. Impurities are removed using ladle.
The reinforcements are heated upto 1000oC. Then
the preheated SiC and B4C particulates are added
gradually into the liquid aluminum. The entire
process is carried out in the atmospheric air. The
mixture is stirred at 250 rpm by using a motorized
stirrer. Then the mixture is poured inside the die
and is kept for cooling in air upto 2 hrs and the
specimen is taken out from the die.

Table (1): Parameters for single cutting pass
Cutting passes
Voltage (V) Volts
Pulse on time (TON) µs
Pulse off time (TOFF) µs
Current © Amps
Pulse frequency (F) Hz

(B) Machining process: The experiments are
conducted on 4-Axis CNC-WEDM machine
manufactured by Steer corporation (Figure (2)).
Four closed loop DC motors are used to control
four axes movements simultaneously. WEDM
process involves a number of parameters such as
Current (C), Pulse-on time (Ton), Pulse off time
(Toff), Voltage (V) and Pulse frequency (F).
Some of the settings that affect MRR and Ra are
the length of the wire wound on wire drum, pulse
negative (quick cut) and pulse positive (slow cut),
quality of demineralized (DM) water, gel mixed
in DM water, the ratio of gel mixed in the DM
water, quality of gel, properties of electrode and
the properties of workpiece. Molybdenum wire is
used as electrode material and its diameter is
0.18mm. The JR3A gel is added to DM water in
the ratio of 1:50. In this work, Voltage (V), Pulse
on time (TON), Pulse off time (TOFF), Current
(C) and Pulse frequency (F) are the five
parameters that are modified during the process.

Single
100
20
2
4
15

Table (2): Parameters for multiple cutting passes
Cutting passes
Voltage (V) Volts
Pulse on time (TON) µs
Pulse off time (TOFF) µs
Current (C) Amps
Pulse frequency (F) Hz

I–Rough
cut
100
20
2
4
15

II–Finish
cut
75
20
2
2
50

The second machining is done by using two types
of parameters as shown in Table (2). In this, the
workpiece is machined by one rough cutting pass
and by one finish cutting pass to complete the
required dimension.
The third machining is done by using the
parameters as shown in Table (3). In this, the
workpiece is machined with three cutting passes
to complete the required dimension.
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Table (3): Parameters for three cutting passes
Cutting passes

Voltage
(V)
Volts
Pulse on time
(TON) µs
Pulse
off
time(TOFF) µs
Current
(C)
Amps
Pulse frequency
(F) Hz

I–Rough
cut
100

II–semi
finish
cut
75

III–
Finish
cut
75

20

20

20

2

2

2

4

2

2

15

25

50

the crater is smaller for multi cutting pass as
compared to the single cutting pass.
In single cutting pass machining, a defined crack
network is identified [6]. These cracks have found
to be in closed loops, crossing perpendicularly
with radial cracks and it continuously propagate
when another discharge occurs nearer to the crack.
In Figure (3) the depth of the crack for single
cutting pass machining is large as compared to
multi cutting pass machining. From Figure (3) it
is noted that the crack has wider openings for
single pass machining whereas in two pass
machining the crack opening is very small. The
number of cracks found (Figure (3)) in single pass
cutting is high as compared to the two and three
cutting passes. This reduces the damage to the
surface.

3. Results and Discussions:
The surface roughness (Ra) of the workpiece is
measured using Mitutoyo Surface Tester SJ-201
P, the stylus moves one forward stroke and one
return stroke for measurement. In the first
operation, the workpiece is machined with a
single pass and the Ra is found 4.86 µm. In the
second operation, the workpiece is machined with
one rough and one finish cut and the Ra is 3.42
µm. Finally the machining operation is completed
with one rough cut, one semi finishing and one
finishing cut. The Ra value for the workpiece that
is completed with three cutting passes is 2.54 µm.
The Ra values decreased, as the number of cutting
passes increased.

The machined surface has different layers which
are formed by the high temperature used for
manufacturing operations [4]. The first layer is
white layer which is formed by molten metal that
is not flushed away by the dielectric, but
resolidifies on the workpiece machined surface
during cooling. The white layer is hard and nonetchable and it is composed mainly of martensite
and retained austenite, with some dissolved
carbide. The white layer is so densely infiltrated
with carbon and it has a separate, distinct
structure, totally distinguishable from the parent
material. Carbon enrichment of the white layer
also leads to high hardness [4].

Table (4): Surface Roughness for
different cutting passes
No.
1
2
3

Number of
cutting passes
One
Two
Three

The white layer formed in the machined surface is
shown in Figure (4b). The white layer decreased
as the number of cutting passes for machining
increased. Also the frequency of the electric
sparks effects the surface roughness and the
formation of white layer. When the frequency
value increased, the formation of the white layer
decreased During rough cutting process in a single
pass the size of the spherical grain in the white
layer is large (Figure (3a)). During finish cutting
process, the size of the spherical grain is small. If
a big size spherical grain is formed, then it
reduces the surface energy. It creates pressure
around the tool electrode and high thermal stress
generated by discharge produces cracks in the
machining surface. Under the white layer, a layer

Surface Roughness
(Ra) µm
4.86
3.42
2.54

FEI - Quanta–FEG 250 FESEM is used in this
study to investigate the structure of the machined
surface and HAZ. The equipment used in this
study is FEI Quanta 250. Figure (3 and 4) shows
the FESEM pictures of the machined workpieces.
It is shown from Figure (4) that the number of
craters is lesser in two and three cutting passes as
compared to the single cutting pass. The size of
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of HAZ is found. This layer is not melted during
machining. It is only heated and this layer is also
called as annealed layer [1]. The HAZ layer
remains same as the parent material’s

metallurgical structure. Because the temperature
absorbed by the material is not sufficient to
change the structure
.

(a)

(d)

(b)

(e)

(c)

(f)

Figure (3): FESEM images (100 µm & 50 µm) of machined surface using. Single cutting
pass (a and d); Two cutting passes (b and e); Three cutting passes (c and f)
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passes. The cracks, craters and gas holes in the
surface are specific topography that is developed
from melting and resolidification of the machined
surface. But only the elements of Al and SiC are
registered on the surfaces of specimens undergo
single cutting pass and two cutting passes (Figure
(5b)).

(a)
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(b)
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Figure (4): FESEM Images of cross section
machined surface using - Single cutting passes
(a); Two cutting pass (b).
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Figure (5a): SEM and EDX analysis of machined
surface with Two cutting passes

From the Figure (4), it is identified that as the
number of cutting passes increases, the size of the
HAZ layer decreases. The FESEM images of
machined surface at the third cutting pass differed
from the first and second cutting pass results. Fine
surface finish with many fine nodules is observed
in third cutting pass machined surface. Materials
of electrode (Molybdenum) as well as the
substrate (Al, SiC) were detected with EDX
analysis (Figure (5a)).

The results indicated that the workpiece material
was alloyed with the wire electrode on the surface
during the finish cutting operation in third cut and
the HAZ is developed.
The hardness of the specimen is measured using
Mitutoyo Microhardness tester. During single
pass cutting the hardness is 104.82. The hardness
for two and three pass cutting is 82.28 and 79.38
respectively.

Figure (5) shows the SEM-micrographs and EDX
analysis of the rough and finish cutting surfaces.
There is no much difference in the micrograph of
the surfaces resulted from single and two cutting
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machined surface with the highest Ra value. No
cracks and craters are found in three cutting
passes which results lowest Ra value.
Single pass rough cut results in gas holes and
craters on the machined surface. The surface
roughness and craters are decreased with the
increment of a number of cutting passes. The
hardness of the specimen is decreased when the
number of passes gets increased.
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Figure (5b): SEM and EDX analysis of machined
surface with Three cutting passes
6. Conclusions:
From the SEM images it is noted that in the single
cutting pass machining operation the white layer
is detected in the surface layer and the thickness
of the white layer is found to be high. Hence the
surface roughness (Ra) value is high.
In two cutting pass machining operation, the
thickness of the white layer is found to be small.
Hence the Ra value is 30% less compared to
single cutting pass machining operation. In three
cutting pass machining operation the white layer
is not found. Thus the Ra value is 26% less
compared to two cutting pass and 48% less
compared to single cutting pass machining
operations.
Small size craters and particles are appearing in
single cutting pass and two cutting passes which
is the result of thermal stresses. This results the
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