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Abstract

To increase the productivity and quality of the machined components, wire electro-discharge machine parameters such as
cutting speed, kerf width, and surface roughness are often optimized. The Wire-electro discharge machining process generates
a much higher temperature at the wire-work piece interface which can potentially change the metallurgical characteristics
of the machined surface. This paper studies the changes in the tribology of surface and sub-surface of the workpiece due to
the initial and optimized wire-electro discharge machine parametric setting using grey relational analysis while machining
sub-cooled AISI P20 tool steel. It is concluded that the optimum parametric setting to obtain a better cutting speed, kerf
width, and surface roughness using grey relational analysis, which improves the productivity and quality of the component,
also produces a thicker recast layer. The wear test revealed that the surface machined with an optimized parametric setting
gives higher wear resistance. Detailed scanning electron microscopy explains the characteristics of the recast layer and micro-
hardness explains the surface hardenability of tool steel, which is a result of martensitic transformation through rapid cooling,
formed heat affected zone, and increase in oxygen content on the surface. The wear test proved that the recast layer helps in
improving the wear resistivity of tool steel. The methodology of the hardening of the surface and the sub-surface layer can
strengthen the application of components.

Keywords Surface modification - Roughness - Hardenability - Wear - GRA optimization

1 Introduction

Manufacturing has always been essential for developing the
global economy of the world that develops employment, pro-
ductivity, and services. A manufacturing setup that involves
correct and optimized steps lead to better quality products
[1]. The demand for productivity and economic processes
persists in this competitive world. The aim is to get the max-
imum output of the available resources with the minimum
cost involved. In recent times functionally graded materials
like hardened steels, composites, elastomers, and ceramics
are in high demand due to their incomparable properties like
thermal, mechanical, and corrosion-resistant behavior. How-
ever, in some conditions there are other methods, instead of
traditional machining, to manufacture some hard materials in
more economical and productive ways. These materials can
be effectively machined through processes incurring melting,
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evaporation, and chemical reaction with electrical energy,
which is generally referred to as non-traditional methods of
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machining. Such types of techniques are not affected by the
hardness and brittleness of the material but can machine
near mesh-like structures, making its wide application in
aerospace, automotive, electronics, die, and mold indus-
tries. Machining of conductive materials can be processed by
Wire EDM, a non-conventional process. An order of discrete
discharges that occurs at the interface of the continuously
traveling wire and workpiece via the dielectric fluid helps
to melt and evaporate the material by removing it through
flushing. The discharge pulses thus produce a plasma channel
whose temperature rises to about 20,000 °C at the electrode-
workpiece interface within a few microseconds [2]. Such
high temperatures can melt and evaporate materials irrespec-
tive of their hardness. Some amount of molten material gets
carried away as debris, whereas some amount of material re-
solidifies on the machined surface forming the recast layer.
Below that is the heat-affected zone formed as a result of
some metallurgical changes incurred through heat dissipa-
tion [3]. The surface morphology of the machined surface
is greatly influenced by parameters like pulse-on-time (7on),
current, voltage, etc. [4]. It is important to find a suitable
parametric setting by the optimization of WEDM operating
parameters [5]. WEDM is a crucial step in manufacturing any
die-making sample [6]. Though the surface quality has a wide
range of acceptance limits productivity of its manufacturing
unit is effectively based on the WEDM machining of the die
steel component. Grey Relational Analysis (GRA) optimizes
the machining parameters effectively to enhance the produc-
tivity and quality of the surface of machined components
[7-10]. Taguchi-based GRA and Kernel principal component
analysis can effectively optimize the turning process carried
out in dry conditions [11, 12]. The input parameters do not
have any impact on the residual stress [13]. Voltage and Ton
influence kerf width (KW) the most while machining silicon
ingots [14]. The effect of the electrode in the WEDM and its
various applications and modifications help in formulating
the design layout of the experiments carried out [15, 16].
The process of WEDM produces a recast layer, that has
oxides as the main composition, and these oxides may help
influence the tribological properties of the machined surface
[17, 18]. As compared to grinding and polishing, WEDM
machining results in a better quality of the machined sur-
face of WC—-Co samples. Such better surfaces enhance the
tribological characteristics and thus the life of the compo-
nents [19]. In another study on machining Al7075 alloys,
it was reported that a harder recast layer is generated that
results in less wear scar depth and thus increases the durabil-
ity of the product [20]. On contrary, wire-electro discharge
machined ZrO;-tin composites produce degrading results
[21]. It appears that the WEDM process can enhance or
degrade the tribological characteristics of the machined
surface of the component. Selecting optimum process param-
eters and materials for achieving a better machined surface is
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Table 1 Chemical composition of AISI P20 tool steel

Element Composition (%) Element Composition (%)
C 0.4 Cu 0.25
Si 0.004 P 0.03
Cr 1.2 S 0.02
Mo 0.35 Ni 0.15
Mn 0.1 Fe Rest

always challenging [22, 23]. AISI P20 tool steel is a special-
purpose tool steel that is used to produce dies and fixtures.
Any die must contain a wear resistance surface so that it
results in a better quality of the products processed in it.
The quality of the surface of the die depends on the pro-
cess employed during the machining of the die. The present
work aims at achieving a better machined surface during the
machining of annealed AISI P20 tool steel on WEDM using
the optimized machining parameters. The optimization is
carried out using GRA and the changes in the tribological
characteristics of the machined surface due to the optimized
parametric setting are studied.

2 Materials and methods

The AISI P20 tool steel sample used in this study was initially
fully annealed at 1000 °C in a muffle furnace, sub-cooled
to — 150 °C at a ratio of 5 °C/min followed by temper-
ing at 200 °C. The composition of the AISI P20 tool steel
as analyzed through Energy Dispersive X-ray Spectroscopy
(EDS) analysis is given in Table 1. Full annealing is a pro-
cess that improves ductility, removes internal stress, and gets
enhanced magnetic and electrical properties [24]. This pro-
cess enhances the hardness and machinability of the material
[25].

The machining of the annealed AIST P20 tool steel samples
was carried out on a Wire-Electro Discharge Machine (Make:
Agie progress V2). The machining parameters along with the
operating conditions are given in Table 2. The parameters
are chosen from the literature [26, 27], where the mechani-
cal responses are acceptable in the manufacturing industries.
A minimum of three repetitions are carried out for each
parametric setting. The number of experiments is consid-
ered using the Design of experiment (DOE) with Taguchi
methodology and the various parameters are given in Table
3.

The response measures such as Cutting Speed (CS), Kerf
Width (KW), and SR are measured for all the experimental
settings and are tabulated in Table 3. The KW is measured at
different locations along the cut using an optical microscope
(Make: Carl Zeiss, Germany) as shown in Fig. 1 and the
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Table 2 Controlled parameters
and their levels Process parameters

Units Levels
L1 L2 L3 L4
Discharge current (/) A 1 2 3 4
Pulse-on-time (7Ton) us 15 20 25 30
Flushing pressure (Fp) Bar 0.1 5 10 15
Wire speed (Ws) mm/s 135 150 165 180
Wire tension (Wr) N 15 18

Dielectric Deionized water
Type Submersed interface
Wire material Zinc coated brass
Wire diameter 0.2 mm

Table 3 Design matrix with

process parameters and response Run No Process parameters Performance measures

feasures I Ton Ws Fp wr cs KW SR

(A (w9 (mms)  (ba)  (N)  (mm/min)  (um) (um)

1 1 30 135 0.1 15 0.288 236.260 3.163
2 1 25 150 5.0 15 0.264 241.400 2.704
3 1 20 165 10.0 18 0.246 269.955 2.593
4 1 15 180 15.0 18 0.192 282.675 2.207
5 2 30 150 10.0 18 0.364 258.995 2.940
6 2 25 135 15.0 18 0.299 272.155 2.727
7 2 20 180 0.1 15 0.318 245.330 1.837
8 2 15 165 5.0 15 0.288 243.130 1.696
9 3 30 165 15.0 15 0.408 279.100 2.970
10 3 25 180 10.0 15 0.405 272.560 2.563
11 3 20 135 5.0 18 0414 261.185 2.340
12 3 15 150 0.1 18 0.360 260.305 1.527
13 4 30 180 5.0 18 0.552 248.465 2.793
14 4 25 165 0.1 18 0.504 251.095 2.540
15 4 20 150 15.0 15 0.384 293.270 1.830
16 4 15 135 10.0 15 0.378 279.970 1.800

average KW is plotted and analyzed. SR is measured using
Talysurf (Make: Taylor hobson, surtronic 3 +). For SR, three
longitudinal measurements are taken for each sample and the
average is tabulated. The CS is the amount of material cut per
minute by length directly obtained from the machine panel.

The obtained parameters of various experiments are opti-
mized using a multi-objective optimization technique, GRA.
Using GRA the parameters are optimized such that the
machining conditions result in higher CS with lower KW
and SR. Further, machining of the AISI P20 tool steel sam-
ple was carried out using the optimized parametric settings.

The quality of the machined surfaces was analyzed using
a Scanning Electron Microscope (Make: JEOL JSM- 6480
LV). EDS was captured using an EDS attachment (Make:

Oxford Instruments) on the same machine. The micro-
hardness of the machined surface is measured using a
micro-hardness tester (Make: Vaiseshika, India). For a better
understanding of the tribological behavior, the wear on the
machined surface was studied through a wear test performed
in a pin-on-disc mode (Make: Magnum) as per ASTM G99
standards. The wear tests were performed in dry-ambient
conditions by rotating the samples at 200 rpm, sliding at a
distance of 500 m against the pin of diameter 4 mm, and
applying a load of 50 N. The pin-on-disc experiment is con-
ducted for three cases: (a) bare pin material, (b) pin surface
machined with an initial parametric set of WEDM, and (c)
pin surface machined with an optimized parametric set of
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Fig. 1 Measurement of KW using an optical microscope
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Fig.2 Variation of CS with different process parameters

WEDM. The principle of the linear variable differential trans-
former (LVDT) is used to measure the wear produced in the
process.

3 Results and discussion

The quality and performance of the machined surface pro-
cessed by WEDM are affected by CS, KW, and SR. Hence,
these parameters are considered and are measured for the
various experiments. Further, the measured parameters are
analyzed for arriving at optimized conditions. The raw data
is analyzed to find the variation in the responses caused by
the variation in the process parameters for the selected work-
piece. Initially, CS is analyzed. CS is an effective way to
measure the productivity of a component. The variation of
CS with different process parameters viz., I, Ton, Fp, Ws,
and Wt is shown in Fig. 2. CS increases with current / and
Ton. The material is removed faster with the intensification of
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Fig.3 Variation of KW with various process parameters

discharge energy which results in rapid melting and vapor-
ization. The quality of the machined surface is influenced
by the material removal rate. Using sparks comprising high-
intensity energy, a large amount of material can be removed.
CS also increases with the increase in flushing pressure (Fp).
The increase in Fp reduces the chances of re-solidification of
material. An increase in Wt reduces the slagging of the wire
and increases efficient cutting. An increase in the Ws gives
insufficient time for sparking, thereby reducing the CS.

KW is a gap on the workpiece produced by the effec-
tive removal or re-solidification of the eroded metal through
sparks which are caused due to the breakdown of the poten-
tial barrier between the moving wire and workpiece. The
variation of KW with various process parameters is shown in
Fig. 3.Itis observed that the increase in / and Ton, Fp, and Wt,
increase KW. As [ and Ton increases, the discharge energy
increases resulting in a large amount of material removal
from the surface. On the other hand, as Fp increases, the
flushing of eroded particles increases up to a threshold limit,
but a further increase in the pressure decreases the effective
passage of dielectric in-between the breach of moving wire
and workpiece. KW also grows with the increase in Ws and
Wt.

The variation of Surface roughness (SR) with various pro-
cess parameters is shown in Fig. 4. SR increases with an
increase in / as the energy discharged is more with increasing
1. SR decreases with the increase in Ton due to the genera-
tion of charge for a longer time duration promoting more
resonation of electrons around the wire. An increase in Fp
decreases the chances of re-solidification of material on the
surface leaving a smoother surface. SR also increases with
the increase in Ws and Wr.

The optimization of the process parameters is carried
out using Gray Rational Analysis (GRA). GRA considers
inadequate and indeterminate information of an important
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Fig. 4 Variation of SR with various process parameters

parameter with respect to other parameters in a defined sys-
tem [28]. The following steps are followed in the orthogonal
array with GRA methodology in formulating the optimized
response. The following steps are involved in the process:

Step 1: The responses for all the experimental runs are first
normalized. The entire data is broadly divided into three con-
ditions: (a) higher-the-better (HB), (b) lower-the-better (LB),
and (c) nominal-the-best (NB). In the present work, condi-
tions (a) and (b) are used. The normalized value in these
conditions is calculated using Eqgs. 1 and 2.

(a) Higher-the-better

max (xk) — (xk)

i i

*k) = 1
*i () max(xf‘) — min(x{.‘) M
(b) Lower-the-better
kY _ min(k
Xl-* k) = (xl.) min(x;) @

B max(x{‘) - Min(x;‘)

Where normalized value is x;"(k), k is the element, and i is the
sequence. The max (xf.‘) and min(x{c ) represents the maximum
and minimum value of x{‘ . Higher-the-better is considered
where the highest value of the response is the most desirable
one and CS is calculated using Eq. (1). Lower-the-better is
used where the lowest obtained value of the response is the
best suitable one and hence SR and KW are calculated using
Eq. (2).

Step 2: The Grey Relational Coefficients (GRCs) are calcu-
lated using Eq.3.

A min +£& A max
Yi(k) =y (xo(k)) = Ao (k) + €A max @

where, k = 1-3 for each response, i = 1-16, and =Ag; (k)|
Xo(k) — Xj(k)l is the variance of the deviation order, i.e.,
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Fig.5 Main effects plot of Grey relational grades

the absolute value of the considered category Xo(k) and the
normalized value x; (k) and & is the identifying coefficient
that lies between 0—1, generally considered as 0.5.

Step 3: The Grey Relational Grades (GRGs) are calculated
using Eq. 4 by considering the average of all the GRCs. Equa-
tion (4) calculates the GRGs as a weighted sum of the GRCs,
where, n and k represent the number of experiments and
responses or quality characteristics, respectively [29]. The
GRC and GRG values are calculated for each experimental
run, Table 4.

k=1

T (x0, i) = ) Br(x0, %) )

Where, B symbolizes the weightage of the kth performance
measure which can be constrained as per Eq. (5).

k=1
D B=1 )

The calculated normalized values are tabulated in Table
4.

Step 4: The variation of GRG with various processing
parameters is analyzed for arriving at the optimum parametric
setting that results in desired surface finish. Figure 5 shows
the variation of GRG with different processing parameters.
The setting that gives the maximum GRG is the required
parametric setting which results in desired surface finish. The
optimized parameters are given in Table 5.

The optimized parameters were used to carry out the
machining of the AISI P20 steel sample on the WEDM. Three
cases of machined surfaces were considered for comparative
study. The description of the three cases is given in Table 6. A
comparison between the machined surface of the base metal
obtained using initial parameters and optimized parameters
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Table 4 GRA response table

Run No Normalized values GRCs GRGs
CS KwW SR CS Kw SR
1 0.27 1.00 0.00 0.310 1.000 0.248 0.52
2 0.20 0.91 0.28 0.292 0.785 0.314 0.46
3 0.15 0.41 0.35 0.280 0.358 0.336 0.32
4 0.00 0.19 0.58 0.248 0.288 0.443 0.33
5 0.48 0.60 0.14 0.387 0.453 0.276 0.37
6 0.30 0.37 0.27 0.320 0.344 0.310 0.32
7 0.35 0.84 0.81 0.337 0.675 0.635 0.55
8 0.27 0.88 0.90 0.310 0.733 0.762 0.60
9 0.60 0.25 0.12 0.452 0.305 0.272 0.34
10 0.59 0.36 0.37 0.447 0.341 0.343 0.38
11 0.62 0.56 0.50 0.463 0.430 0.399 0.43
12 0.47 0.58 1.00 0.382 0.439 1.000 0.61
13 1.00 0.79 0.23 1.000 0.607 0.299 0.64
14 0.87 0.74 0.38 0.712 0.559 0.348 0.54
15 0.53 0.00 0.81 0414 0.248 0.641 0.43
16 0.52 0.23 0.83 0.406 0.301 0.664 0.46
Table 5 Optimized WEDM
process parameters Parameters 1 Ton Ws Fp Wt
(A) (ns) (mm/s) (bar) M)
Values 4 25 135 15.0 15
Table 6 Detailed description of the cases for the confirmatory test Table 7 EDS of the machined surface for each case
Category Description Elements Case 1 (%) Case 2 (%) Case 3 (%)
Case 1 Bare AISI P20 tool steel Fe 97.5 74.6 71.71
Case 2 Surface machined with Initial parameters Cr 1.2 1.15 1.17
I=1A,Ton=15us, Ws = 135 mm/s, Fp = Mo 0.35 0.23 0.21
0.1 bar, Wt = 15N
Case 3 Surface machined with optimized parameters ¢ 04 16 1.8
I =4 A, Ton =25 ps, Ws = 135 mm/s, Fp = 0 2.6 22.6 24.8
15.0 bar, Wt = 15N Zn - 1.8 3.09

can be done effectively to understand the quality and produc-
tivity of WEDM machining using an optimized setting. The
machined surface of the samples in the three cases was ana-
lyzed in SEM. The SEM images of the machined surface are
given in Fig. 6. Figure 6a shows the surface of the as-received
sample (case 1) consisting of ploughing marks on the sample
surface that is because of the surface flattening using surface
grinding. Figure 6b shows the surface obtained using initial
process parameters (case 2), and Fig. 6¢ shows the machined
surface using the optimized process parameters (case 3).

In both cases (case 2 and 3), the resolidified globules
attached to the machined surface are seen. These globules
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are small in size. The EDS analysis of the machined surfaces
of all three cases is given in Table 7. It is observed that the
percentage of oxygen and carbon has increased on the sur-
faces. The rise in the C content is a result of the breakdown of
cementite as Fe and C, and Fe further reacts with oxygen to
form its oxide [29]. Further, the presence of Zn is observed in
cases 2 and 3 that is due to contamination from the wire used
for machining. The wire used in the WEDM is Zn coated
and has eroded during machining. The Zn from the wire is
deposited on the surface. To confirm the erosion of wire, the
wire used for machining was examined in SEM and EDS
analysis was carried out. The SEM images of the wire are
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Table 8 EDS of the wire surface as shown in Fig. 7

Elements Unused wire (%) The wire used for
machining
Case 2 (%) Case 3 (%)
Zn 99.5 88.6 72.4
Cu - 114 20.8

shown in Fig. 7. More number of eroded surfaces are seen
in the wire used for case 3. In case 3, due to the optimized
parameters, higher spark intensity is generated resulting in a
higher rate of erosion.

The EDS of the wire is given in Table 8. The percentage
of Zn in the wire used for case 2 is 88.6 and for case 3 is
72.4. Tt indicates that more amount of Zn is eroded in case

12 48 SEI

3 in which the optimized parameters were used. Thus the
optimized parameters result in increased erosion of Zn.

Further, the recast layer was also studied in SEM.
Figure 8a and b shows the SEM micrographs depicting the
recast layer for Case 2 and 3. The thickness of the recast
layer in case 2 is 3.85 mi and in case 3 is 5.7 mi. Thus the
thickness of the recast layer is higher in case 3. The thickness
depends on the total heat generated during the electric spark.
It indicates that higher heat is generated in case 3 in which
the optimized process parameters were used. The SR of the
samples in Case 1 is 4.082 pwm, Case 2 is 3.02 wm, and Case
31is2.016 pm.

The effect of optimized parameters on the mechanical
properties of the machined surface is also studied. Mirco
indentation tests were carried out at various locations of the
machined surfaces. During the test, the loading and unloading

Fig.7 SEM micrographs of the wire used for machining a Case 2, and b Case 3
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Fig.8 SEM micrographs showing recast layer for a Case 2 and b Case 3
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Fig. 9 Micro-hardness (HV) of the surface of pins for a Case 1, b Case 2, and ¢ Case 3

rates of the load used to measure hardness remain constant.
Initially, one-way ANOVA was applied to study the variation
of microhardness. The incident positions on the machined
surface of the samples of all three cases along with the micro-
hardness values are shown in Fig. 9. The variation of hardness
over the radius of the pin is found to be insignificant.

Thus the samples were tested using a microhardness tester.
Fifteen positions were taken with equal spacing among each
indentation. The variation of Vickers Microhardness (Hv) in
all three cases at different locations in each case is shown
in Fig. 10. Initially, the micro-hardness increases and then
decreases with an increase in the depth of the workpiece.
This can be due to the non-equilibrium martensitic phase
transformation which is a result of the rapid solidification by
confined melting. However, as reported in recent articles, this
may also be due to the residual stresses developed through
thermal changes [29].

The effect of optimized parameters on the tribological
properties of the machined surface was studied. Wear test
of the machined surface was carried out on the pin-on-disc
test setup. Figure 11 shows the wear of the pins against time.
Some initial fluctuation can be seen in the graph which is due
to undulation that is found on the surface of the pin. After
a certain time of the experiment, the undulation is errored
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Fig. 10 Micro-hardness of the surface with respect to depth of the work-
piece

and both the surfaces of the pin and disc come in good con-
tact with each other giving correct readings. It is observed
that the wear rate in case 3 is less as compared to cases 1
and 2. Thus the optimized process parameters have resulted
in decreased wear rate. As discussed earlier, a recast layer
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Fig. 11 Comparison of wear of pins for a Case 1, b Case 2, and ¢ Case
3

is formed during WEDM machining. The thickness of the
recast layer was more in case 3 which has increased the hard-
ness of the layer. It was observed earlier that there was a rise
in the C content of the recast layer which was a result of the
breakdown of cementite as Fe and C, and Fe further reacts
with oxygen to form its oxide. The carbide percentage in the
recast layer is thus enhanced while rapid solidification. This
rapid cooling of molten Fe leads to martensitic transforma-
tion increasing the hardness. This concludes that an increase
in the micro-hardness is also due to the development of the
recast layer which may result in an enhancement of the tri-
bological properties. Thus the tribological properties of the
machined surface can be improved by the development of
the thicker recast layer using optimized process parameters
on the WEDM.

4 Conclusions

The present work has established that the optimization of
process parameters is essential for achieving the desired
quality of the machined surface during machining using
WEDM. Further, it is also shown that GRA based analysis
can be successfully applied for the optimization of the pro-
cess parameters. The obtained optimized parameters were
applied and validated during the machining of AISI P20
tool steel samples using WEDM. A comparative study of
the machined surface of the samples processed using a set
of optimized parameters has been presented. The effect of
the optimized parameters (CS, KW, and SR) result in more
refined globules attached to the machined surface. The SEM
micrographs and EDS of the wire surface after machining
give clear evidence of the erosion of more zinc particles from

the wire used for the optimized setting. Further, the thickness
of the recast layer can be increased that resulting in enhanced
hardness of the machined surface. The tribological proper-
ties of the machined surface can be enhanced which is an
important parameter to be considered for tools steel which is
applied for making forms and dies. The enhanced tribological
properties can be attributed to the martensitic transformation,
which occurred due to the rapid cooling of the workpiece and
formed heat-affected zone.
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