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Abstract

Wire electric discharge machining is an efficient technique among the available nonconventional machining process
and is mostly used for machining complex shapes and hard materials. This process also acts as a form of surface modi-
fication technique. The discharge energy of machining process influences the nature of the machined surface to a very
high degree due to high heat generation and deposition of wire electrode material. 316L stainless steel is widely used in
engineering, marine and medical applications. Although 316L SS is a corrosion resistant material, there is a lot of research
going on to improve its corrosion resistance by different surface modification techniques due to its applications. Inves-
tigation on the effect of WEDM parameters on the corrosion behavior of 316L SS material is carried out. Corrosion stud-
ies were carried out by Potentiodynamic polarization test and phase analysis was carried out by using XRD. Significant
enhancement in the corrosion resistance of WEDMed surface is observed with the variation in pulse on time and peak
current. Pulse on time and peak current are the significant parameters influencing the amount of discharge energy. Low

level of discharge energy enhanced the corrosion resistance of WEDMed surface.
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1 Introduction

Wire EDM plays an extensive role in current precision
manufacturing environment and is used to cut conduc-
tive materials of high hardness [1]. Wire EDM is popular
because of its ease and flexibility in machining complex
geometrical shapes. Due to high temperatures involved
in wire EDM process [2], changes on the machined sur-
face with recast layer can be observed which in turn alters
material properties [3]. Wire EDM parameters, work piece
material and the material of wire electrode influences the
properties of machined surface nature to a varying degree
[4]. Even when different materials are machined under the
same machining conditions may have different machining
characteristics [5], so selection of wire EDM parameters
with proper combination of values is an important and
difficult task [6].

Ahmet et al. [7] presented an experimental investiga-
tion of the machining characteristics of AlSI D5 tool steel
in wire EDM process and found that the process energy
greatly affects the surface roughness of wire EDMed mate-
rial. Han et al. [8], in their investigation found that, when
the pulse energy per discharge is constant, short pulses
and long pulses will produce the same surface roughness
but dissimilar surface morphology and different material
removal rates. Surface roughness is directly proportional to
the available discharge energy [9-12]. When the discharge
energy was increased, the formation of thick white layer with
voids and cracks were observed by Chen et al. [13] which
resulted in the increase of surface roughness. An experi-
mental investigation carried out by Newton et al. [14] on
the recast layer formation on machining Inconel 718 mate-
rial due to wire EDM process found that the recast layer
thickness increased with energy per spark, peak discharge
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current, and current pulse duration. The recast material was
found to possess in-plane tensile residual stresses, as well
as lower hardness and elastic modulus than the bulk mate-
rial. The surface morphology of conventionally ground, pol-
ished and EDM-finished surfaces of dental cast alloys used
for the fabrication of implants were studied by Zinelis et al.
[15] and observed that the EDMed surfaces having signifi-
cant increase in carbon content due to the decomposition
of the dielectric fluid during spark erosion forming carbides.
Deposition of copper was also noticed on these surfaces
from the decomposition of the copper electrodes used
for EDM. Cross-sectional analysis showed the formation of
superficial recast layer. Prasad et al. [16] studied the effect
of wire EDM parameters on damping behavior of machined
surface and found that the parameters pulse on time and
pulse off time controls damping capacity and independent
of peak current. Yan et al. [17] studied the combined effect
of EDM with ball burnish machining of Al-Zn-Mg alloy and
found that there is improvement in surface roughness and
corrosion resistance. According to Yu et al. [18] wire EDM
with auxiliary pulse voltage supply is an efficient method
of machining poly silicon material to achieve good quality
and high efficiency. Ghanem et al. [19] studied the influence
of the EDM parameters on surface integrity and found that
the machined surface properties depend mainly on material
type. The wire EDM parameters, work-piece and wire mate-
rial strongly influence the machined surface characteristics.
Machining conditions are very crucial on surface oxide layer
formation and hence selection of parameters is very crucial
[20]. According to Gungor et al. [21] the EDM surfaces were
greatly influenced by electrode and dielectric fluid show-
ing changes in material properties with varying process
parameters. The wear resistance of EDMed austenitic steel
was found to be improved because of carbides formation in
the recast layer during machining. Basil et al. [22] in his inves-
tigation observed that the hardness of wire EDMed titanium
alloy specimens are high due to changes in the recast layer.

The deterioration of material in the presence of envi-
ronment by electrochemical or chemical factors is defined
as corrosion. Material can be subjected to corrosion in a
few hours or may take years [23, 24]. Generally 316L stain-
less steel and titanium alloys are used as implant materi-
als because of their properties but still there is a need to
improve them. The surgically removed implants show
damage to the surrounding tissue due to wear and corro-
sion. Improving the corrosion resistance of a material will
enhance the reliability of material in corrosive environ-
ments. The corrosion resistance of a material can be studied

from polarization curves generated by varying the applied
voltage with current density in corrosive medium. The cor-
rosion resistance of materials mainly depends upon two
key factors, the elemental composition and the porosity of
the surface. Shoja et al. [25] studied the effect of corrosion
resistance of titanium immersed in Hanks solution with dif-
ferent surface characteristics and observed that corrosion
resistance decreased with increase in surface roughness.
The application of hydro oxyapatite coatings improved the
corrosion resistance of titanium alloy and 316L stainless steel
materials [26]. Tiwari et al. [27] studied the effect of alumina
coated 316L stainless steel material in ringer’s solution and
found the corrosion resistance to be on higher side. Uniform
surface characteristics are obtained with the coated wires.
According to Feng et al. [28] corrosion resistance of 316L
stainless steel material improved with increase in Titanium
ion implantation. According to Prasad et al. [29] nickel elec-
troplated aluminum metal matrix composites exhibit high
corrosion resistance when compared to uncoated mate-
rial when tested in sodium chloride solution. Yue et al. [30]
presented a paper on corrosion behavior of the machined
surface of magnesium composite under different machin-
ing processes and found that the polished and fine-ground
specimens show high corrosion resistance when compared
to other machining process. Every machining process will
induce residual stress on the surface. Wire EDM generates
surface of high tensile stress effecting characteristics such
as fatigue, corrosion and wear resistance [31].

Form the literature it is clearly evident that there is
scope for obtaining good surface finish as well as good
corrosion resistance on wire EDMed material. As limited
research is available on this aspect, an attempt is made to
study the effect of WEDM parameters on corrosion resist-
ance of 316L stainless steel material.

2 Experimentation

2.1 Material

316L stainless steel is used as work piece material for the
study and its chemical composition is presented in Table 1.

2.2 Wire electric discharge machining
For machining the specimens, Japax LDM 50 WEDM

machine is used and is shown in Fig. 1a and the schematic
diagram of wire EDM is shown in Fig. 1b [32]. The varying

Table 1 Chemical composition S c P
of the material 316L SS

Si Mn Mo Ni Cr Fe

0.001 0.017 0.025

0.56 1.21 2.16 11.1 17.6 Bal
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parameters considered for machining are pulse on time,
peak current, servo voltage and wire tension [33]. Brass
wire is used as wire electrode for machining in the pres-
ence of distilled water which is considered as dielectric

Wire supply wheel Wire diameter

take-up wheel

Fig. 1 a Japax LDM 50 wire EDM machine, b Schematic diagram of
wire EDM process

fluid. Specimens of size 13 x 12x6 mm?> were machined
for experimentation.

Taguchi L8 orthogonal array is considered for machin-
ing the specimens and the combinations of machining
conditions are presented in Table 2.

2.3 Surface roughness

Surface roughness values are measured using stylus
type profilometer, Mitutoyo SJ-310 with a cut off length
of 0.8 mm measured along transverse direction of the
machined surface.

2.4 Corrosion tests

The corrosion tests are conducted on the specimens
machined by wire EDM at different conditions and also
on the as received material. Pitting corrosion behavior is
studied from the polarization curves obtained from elec-
trochemical system of Gill AC unit used for conducting
corrosion test. Figure 2 shows the basic electrochemical
system with electrochemical flat cell used in this study.
Saturated calomel is considered as reference electrode
where as for auxiliary electrode, carbon is used. Corrosion
testing is carried out in aerated 3.5% sodium chloride
solution with an exposed area of the specimen as 1 cm?.
Potential scan of 0.166 mV per second is used with initial
potential of —0.25V (OC) SCE to the final pitting potential.

3 Results and discussion
3.1 Corrosion

The corrosion resistance values of as received material and
wire EDMed specimens at different machining conditions
are presented in Table 3. Highest values of E.,, represent
best corrosion resistance and vice versa. It can be observed
that as the product of pulse on time and peak current

Table 2 Machining conditions

Machining condi-  Pulse on time Peak current Servo voltage Wire tension
tions (Ton) (IP) (Sv) (WT)

us A \% Kg-f
1 15 9 5 5
2 15 9 15 12
3 15 12 5 12
4 15 12 15 5
5 25 9 5 12
6 25 9 15 5
7 25 12 5 5
8 25 12 15 12
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Fig.2 Electrochemical system of GILL AC unit

increases, corrosion resistance is observed to decrease.
It can be clearly seen from the Table 3 that for the same
values of the product of pulse on time and peak current,
the Ec,,, values are also found to the same. Pulse on time
and peak current are identified to be the most significant
factors affecting the machining characteristics [34]. Servo
voltage and wire tension has no significant effect on the
machined surface properties.

3.2 Polarization curves

Figures 3a-d and 4, shows the polarization curves of the
machined specimens and as received material respectively.
The polarization curves for as received material and four
cases of wire EDMed surfaces have been presented herein
based on the discharge energy (product of pulse on time
and peak current) at low values of cutting speed. However,
the pitting corrosion potentials for all the cases are pre-
sented in Table 3. The machining condition at Toy=15 ps,

IP=9A, SV=15V, WT=12 kg-f with low level intensity of
discharge energy with low cutting speed combination and
is considered as Case-i. For intermediate values of different
discharge energy levels, machining conditions Ty =15 ps,
IP=12A, SV=15V, WT=5 kg-f and Toy=25 ps, IP=9A,
SV=5V, WT=12 kg-f are considered as case-ii and case-
i respectively. The highest value of product of Ty, and
IP with low cutting speed is observed for the machining
condition Ty =25 ps, IP=12A, SV=5V, WT =5 kg-f and is
considered as case-iv. The selected machining conditions
cover all combinations of discharge energy intensity levels
(all possible combinations of the product of pulse on time
and peak current). Also from Table 3 it can be observed
that for the same values of the product of pulse on time
and peak current, the corrosion resistance values are
almost same and hence the polarization curves of these
four cases have been presented herein.

Data Graph
T T

T

Ecorr=-355.0TmV

Potential (mV)

-800 - 1 1 L 1

L
10 10° 107 10" 10"
Current (mAfcn?)

Fig. 3 Potentiodynamic polarization curves of as received 316L SS
material

Table 3 Roughness and Corrosion values of 316 L SS material before and after wire EDM

Machining Pulse on time Peak current Servo voltage Wire tension Cutting Surface rough-  E Corr (mV)
condition (Ton) (IP) (SV) (WT) speed (Cs) ness (um)
s A \ Kg-f mm/min

1 15 9 5 5 1.41 2.69 —-251.24
2 15 9 15 12 1.23 222 —246.07
3 15 12 5 12 1.36 2.25 —355.08
4 15 12 15 5 1.29 235 —359.14
5 25 9 5 12 1.52 2.96 —365.34
6 25 9 15 5 1.78 2.85 —367.26
7 25 12 5 5 2.2 342 —370.08
8 25 12 15 12 232 3.32 -369.18
As received 316L SS material —355.07
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Fig.4 Potentiodynamic polarization curves of WEDMed specimen machined at a Toy=15 ps, IP=9A, SV=15V, WT=12 kg-f b Toy=15 s,
IP=12A,SV=15V,WT=5kg-f € Toy=25 ps, IP=9A, SV=5V,WT=12 kg-f d Ty =25 ps, IP=12A, SV=5V, WT =5 kg-f

Figure 3a represents the polarization curve of wire
EDMed specimen machined at Toy=15 ps, IP=9 A,
SV=15V, WT=12 kg-f. A pitting corrosion potential of
—246.07 mV is observed. A pitting corrosion potential of
—359.14 mV is observed when machined at Toy=15 ps,
IP=12A,SV=15V,WT=5 kg-f (Fig. 3b) and a pitting cor-
rosion potential of -365.34 mV is observed at Ty =25 ys,
IP=9A, SV=5V,WT=12 kg-f (Fig. 3c) whilst a corrosion
potential of -246.07 mV is observed at the machining
condition Toy=25 ps, IP=12A, SV=5V, WT=5 kg-f
(Fig. 3d) and a corrosion potential of -355.07 mV has
been noticed for as received 316L stainless steel mate-
rial (Fig. 4) and rest of the values at other machining
conditions are reported in Table 3. Higher the pitting
corrosion potential value, the better is the corrosion
resistance.

A high pitting corrosion potential of —246.07 mV
is observed at the machining condition in case-i and
low corrosion potential of —370.08 mV is observed in
case-iv. From the above results it can be concluded that
as the discharge energy increases the corrosion resist-
ance decreases and this can be ascribed to the following
reasons:

3.2.1 Corrosion behavior at low discharge energy

Due to high temperatures generated in wire EDM
machining process the material melts and resolidifies
results in the formation of white layer. When the speci-
mens are machined at low discharge energy as in case-i,
a thin white layer is observed on the machined surface.
The cross sectional SEM image representing thin white
layer is presented in Fig. 5. This thin passive white layer
acts as a protective layer against corrosion attack in the
medium. The white layer thus formed is composed of
copper, copper oxide, iron carbide, chromium oxides
and iron oxides which are evident from XRD patterns
shown in Fig. 6. During the process of machining, the
copper from brass wire electrode gets deposited on
the machined surface forming protective layer. Similar
phases were observed by [35, 36]. The presence of these
phases was helpful in the increase in corrosion resistance
of wire EDMed material. Works of Takakuwa et al. [37]
demonstrated that, the residual stresses control the pas-
sivation layer formation and their retention. The surface
layer possessing high residual stresses may lead to the
formation of cracks thereby giving chance to decrease
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Fig.5 SEM image of WEDMed specimen at Toy=15 ps, IP=9A,
SV=15V,WT=12 kg-f

in corrosion resistance and hence low residual stresses
are helpful to maintain good corrosion resistance. Also,
from the works of Rao et al. [28] the wire EDM machin-
ing parameters with low level of discharge energy lead
to the formation of thin white layer with low residual
stresses on the machined surface. So this may also be
the possible reason for increase in corrosion resistance
of wire EDMed surface at low level of discharge energy
due to the existence of thin passive layer. Figure 7 shows
the SEM image after the corrosion test at this machining
condition and it is observed that the surface is smooth
and free from craters and debris with little evidence of
pores and this smooth surface gave no provision for

the corrosion solution to enter into the base metal and
hence it offered good corrosion resistance.

3.2.2 Corrosion behavior at high discharge energy

On the other hand, while machining with high discharge
energy, a thick white layer is noticed on the surface which
is shown in Fig. 8. With the increase in discharge energy,
more amount of heat is transferred into the machining
area and melting isothermals penetrate further into the
interior of the material and the molten zone extends fur-
ther into material resulting in a greater white layer thick-
ness. On the white layer the deposition of copper from
the wire electrode material is observed and the same
phenomenon was identified by several authors [38-41].
The corrosion resistance at this machining condition is
found to be low and this is due to fact that the depletion
of more amount of chromium from the material and due
to high amounts of deposition of oxides and carbides.
These deposits on the surface are unable to act as a pro-
tective layer. Also, these depositions create more pores on
the surface which can be observed from Fig. 9 and acts
as a source for the corrosion media to attack the mate-
rial. Due to high temperatures involved in high discharge
energy the deposited copper gets oxidized and there by
decreases the protective nature of the layer which eventu-
ally decreases corrosion resistance.

3.3 Surface morphology

Apart from the above mentioned discussion the corro-
sion resistance also depends on the surface morphology

Fig.6 XRD pattern of as
received 316L SS material and
WEDMed specimens
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Fig.7 SEM image of WEDMed
specimen at TON=15 ys,
IP=9A,SV=15V,WT=12Kg-f
after corrosion test

20um AUCE (3)
SEM WD 10.0mm

Fig.8 SEM image showing
white layer at TON =25 ps,
IP=12A,SV=5V,WT=5Kg-f

\

100um AUCE (A)
10.0kV LED SEM WD 25.0mm

of the machined surface. At low levels of the product of  found to be low and the surface is found to be smooth
Ton and IP, which is at the machining condition Toy=15 ps, with no evidence of debris, craters and cracks, this is due
IP=9A, SV=15V, WT =12 kg-f, the roughness values is to fact that, the amount of thermal energy transferred to
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Fig.9 SEM image of WEDMed
specimen at TON =25 ys,
IP=12A,SV=5V,WT=5 Kg-f
after corrosion test

the machining area will be low and so less material will
be melt. During solidification, a large amount of molten
material is carried away from the surface by the dielectric
present in the tank and the remaining material is solidified
forming smooth surface [9]. The surface roughness value
at this machining condition is observed to be 2.22 p. This
feature is evident from the SEM image shown in Fig. 10.
Similar results have been reported by Gostimirovic et al.
[42]. When machining at high discharge energy level
i.e. Ton=25 ps, IP=12A,SV=5V, WT =5 kg-f, the surface
roughness is found to increase by 1.54 times, which may
be due to the formation of craters, voids and the deposi-
tion of wire material. A large discharging energy causes
violent sparks and impulsive forces and results in deeper
and larger erosion crater on the surface. Also, during the
cooling process of the molten material in the dielectric
fluid, residues will remain at the periphery resulting in a
rough surface. In addition to that, residual stresses are
generated on the surface during the machining process
and when these stresses exceed the ultimate tensile
strength which eventually leads to the formation of cracks.
The heating and cooling process of the surface resultin a
rapidly increase of yield stress. The areas that have been
plastically transformed during the heating cannot flow
back, so that plane tensile stresses build-up parallel to
surface, resulting in cracks normal to the surface [43]. The
crack distribution on the surface is observed and is evident
from SEM micrograph shown in Fig. 11. At other machining
conditions the roughness values was found moderate and
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are tabulated in Table 3. As explained earlier the surface
roughness was also found to increase with the increase
in discharge energy. Generally rough surfaces exhibit low
pitting potential [44]. Hence it can be deduced that, the
corrosion resistance decrease with increase in discharge
energy.

4 Conclusions

The influence of WEDM parameters on the corrosion
behavior of 316L stainless steel has been investigated
in the present work. The parameters pulse on time and
peak current are found to be significant factors affecting
corrosion resistance of the machined surface. The surface
roughness is found to increase with the increase in the
product of pulse on time and peak current and vice versa.
The thickness of white layer increases with the increase in
the product of pulse on time and peak current. The white
layer consists of carbides and oxides. The corrosion resist-
ance found to increase with the decrease in the product
of pulse on time and peak current. The increase in corro-
sion resistance is due to the formation of thin and stable
protective layer on the surface at low values of pulse on
time and peak current. The deposition of copper from wire
electrode also enhanced the corrosion resistance of wire
EDMed surface.



SN Applied Sciences (2019) 1:952 | https://doi.org/10.1007/542452-019-0992-4 Research Article

Fig. 10 SEM image of WEDMed
specimen at TON=15 ys,
IP=9A,SV=15V,WT=12Kg-f

ey
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Fig. 11 SEM image of WEDMed
specimen at TON =25 ys,
IP=12A,SV=5V,WT=5 Kg-f
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