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Abstract. In this work, we have attempted to prepare a comparative machinability study of wire electrical discharge
machining of different difficult-to-machine materials, viz., stainless steel (SS) 316, H21 hot work tool steel and M42 highspeed steel (HSS). The key features, which are compared during the analysis, are mainly material removal rate, average
surface roughness, kerf width, wire consumption rate (WCR), recast layer (RL), elemental diffusion, surface morphology
and micro-hardness of the machined surface. They are found to be greatly influenced by pulse energy. The pulse energy is
calculated in terms of ‘specific discharge energy’. Apart from the discharge energy, the thermal conductivity of the material
also plays an important role in the formation of RL and inclusion of foreign elements such as carbon, oxygen, copper and
zinc in RL. H21 steel has been found to be more prone to thermal defects due to its high-thermal conductivity and high
tensile residual stresses, whereas more re-solidification of foreign materials is observed in SS316 and M42 HSS due to their
high adhesive properties and low-thermal conductivity. But, in low-energy cutting, more uniform surfaces are observed in
H21 steel in comparison with other two types of steel.
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1. Introduction
Hard-to-machine alloy steels are commonly used for industrial applications such as tooling and in aeronautical, nuclear,
chemicals and automotive sectors, where materials must
have excellent resistance to corrosion and oxidation, hightemperature resistance and high mechanical strength. Stainless steel (SS) 316, M42 high-speed steel (HSS) and hot
work tool steel H21 are three distinct thermal conductive
high alloy steels which have wide applicability due to their
high mechanical properties. The presence of molybdenum
(2–3%), chromium (12–25%) and nickel (11–13%) in the
SS316, and high cobalt (7–9%), molybdenum (9–11%),
chromium (3–5%), carbon (1.1%) and low vanadium (1–2%)
content in ‘SUPER COBALT M42 HSS’ makes them difficult
to machine by conventional methods even with specific coated
tools because of their high strength, high work hardening tendency, poor thermal conductivity and abrasive behaviour. In
addition, H21 steel belongs to hot work tool steel, which contains tungsten (8–10%), chromium (3–4%) and vanadium,
exhibits superior red hardness and high mechanical strength.
It has wide application in the tool, die and mould industries.
For the characteristic of high hardness, machining of such
tool steels has always been considered as a difficult task.
Manufacturing industries always look for an advanced
machining process which provides the best-quality product
with high-dimensional accuracy and economic production
rate. Nowadays, it is accepted that wire electrical discharge
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machining (WEDM) is one of the non-conventional processes
and it earned enormous popularity in industries for manufacturing the parts which are difficult to machine, irrespective
of their high strength, hardness, toughness, etc. [1]. It is
a thermo-electric contact-free process where erosion of the
material is caused by a series of discrete sparks those are generated between the workpiece and a travelling wire electrode
due to the pulse voltage difference [2–8]. As WEDM is a
stochastic process, controlled by a number of process parameters, performance of this machining process is directly and
indirectly influenced by those parameters. Material-removal
rate (MRR), kerf width (KW), average surface roughness (Ra)
and recast layer thickness (RLT) in WEDM are involved in
significant research interest. Several theoretical resolutions
and different mathematical models have been developed to
correlate performance measures with various WEDM parameters such as pulse on time, pulse off time, peak current, servo
voltage and wire tension [2–8]. But, no adequate knowledge
on the cause, unlike machinability of different materials in
WEDM, is available. Before experimentation and analysis, it
is necessary to recognize the significant process parameters
and their effects on responses. In an investigation on En-31
steel by WEDM, it was found that surface roughness (SR) and
MRR were affected by various machining parameters such as
pulse width (T ), pulse on time (Ton ), wire tension (WT) and
wire feed rate (WF). The improvement in SR was observed
by decreasing the values of pulse width (T ) and increasing
the values of time between two pulses (Toff ) during WEDM
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of En31 steel [8]. But in the case of WEDM of En-353 steel,
current (IP), Ton and servo gap voltage (SV) have been found
to have significant influence on MRR, SR and KW [9]. It
was also found that SV and Ton are highly effective parameters on KW and MRR of WEDM for AISI 4140 steel [10].
Apart from SR, cutting speed (CS), wire wear ratio and dimensional deviation are also considered as important parameters
of WEDM, where Ton and IP are again found to be dominant
factors over these responses [11,12]. An improved machining setting was evaluated for finish cut of WEDM of K460
tool steel with an objective of obtaining a better-dimensional
accuracy and surface finish. The results revealed that the current and offset distance have a significant direct effect on the
responses [13]. In addition, during WEDM of DC53, die steels
and ASP30 steel, electric conductivity was also found to be an
influential factor apart from IP and WT. Sometimes material
thickness and heat treatment of materials are also found to be
of important considerations along with the control parameters
of WEDM, because gap voltage, gap width and gap current
increase with the increase in the material thickness [14–18]. In
another attempt, the SR and metallurgical structure of AISI D5
tool steel after WEDM were examined. The crack density was
increased with an increase in Ton and SV, but was not affected
by WF and dielectric fluid [19]. During the low-flushing rate
of dielectric fluid, some unflushed molten material gets resolidified. It is a very hard grained and undesired passive film
on the machined surface called recast layer (RL). The formation of craters on the machined surface and RL is also an
important phenomenon, which is mainly influenced by the
factors such as Ton , SV, WF and dielectric pressure [20,21].
The brass wire electrode material frequently migrates to the
machined surface during the WEDM of the ASP23 material. Energy dispersive X-ray (EDX) analysis detects copper
and zinc elements which were melted and cast from the wire
electrode [22,23]. From scanning electron microscopy (SEM)
micrographs, it has been revealed that if a high-discharge current is applied for a longer pulse on duration, the rougher
surface with more craters, globules of debris, pockmarks and
micro-cracks will be generated and that can be reduced by
applying lower discharge current and lower pulse on duration
[23].
Therefore, based on these extensive literature studies, it
can be concluded that by suitable tuning of process parameters the discharge energy can be controlled and according to
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that, the machining quality is also controlled. The present
work aims to acquire a profound knowledge on different WEDM performance characteristics according to the
different machining conditions for differently specialized
steels.

2. Experimental
During this study, a series of experiments were conducted
by using ELEKTRA SPRINTCUT CNC wire electrical discharge machine. Uncoated brass wire (CuZn36) of 25 µm
diameter was used as the tool electrode. During all the experiments, the workpiece was submerged in deionized water
(dielectric fluid). Three widely used difficult-to-machine
steels are: (i) austenite standard chromium–nickel steel AISI
316, (ii) heat-treated super high-speed premium cobalt–
molybdenum steel AISI M42 and (iii) heat-treated tungsten
hot work steel AISI H21. Plates of the above-mentioned three
steel materials having a thickness of 12 mm are chosen for
this investigation due to their wide applicability in different
industries. Table 1 describes the specification of the work
materials. The basic properties of these steels that make it
suitable for WEDM are shown in table 2. The CS, KW, MRR,
Ra, RLT, WCR and micro-hardness have been measured for
each experiment. Each combination of parameters is repeated
thrice.

3. Determination of response parameters and other
characteristics
3.1 Kerf width
KW determines the dimensional accuracy of the machined
components. Lower the KW means higher will be the dimensional accuracy [24]. The KW of the workpieces after
machining was measured by using an optical microscope
(Leica; Model: DMI3000 M). For each cut, a total of 100 KW
measurements have been taken at different positions along the
length of each cut, and finally, the average values are used for
the study. Figure 1a shows the schematic view and figure 1b
shows the microscopic view of the KW after WEDM. The
unit of KW is µm.

Chemical composition of AISI SS316, M42 HSS and H21 tool steel.
Elements

Materials

C

Cr

Co

Cu

Mn

Mo

AISI SS316 0.03 17
— — 2
AISI M42
1.1
3.8 7.9 0.25 0.25
AISI H21
0.31 3.18 — — 0.23

2.5
9.3
—

Ni

P

S

Si

W

V

Fe

12
0.045 0.012 1
—
— 65.41
0.35 0.03 0.03 0.45 1.5 1.01 74.03
0.14 0.021 0.005 0.16 8.52 0.33 87.10
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Basic physical properties of the workpiece material.

Properties

AISI SS316

AISI M42

AISI H21

Density (g m−3 )
Melting point (K)
Thermal conductivity (W m−1 K−1 ) (at 327 K)
Electrical resistivity ( mm2 m−1 )
Specific heat capacity (J kg−1 K−1 )
Hardness (HV)

8.1
1644–1672
16
0.74
450
202–214

8.4
1627–1727
21
0.52
429
730–750

8.28
1696
27
0.52
460
580–610

Figure 1. (a) Schematic view and (b) microscopic view of the KW machined by WEDM.

3.2 Material removal rate
MRR has been used to evaluate the machining productivity by
consuming less machining time. For WEDM, MRR is a very
important response parameter that has to be kept as high as
possible without affecting other responses. MRR (volumetric)
can be measured using equation (1), whereas the CS under
each cutting condition is calculated by ‘the length of cut of
each cut’ divided by ‘the time of machining’. The unit of MRR
is mm3 min−1 .
MRR = cutting speed (mm min−1 ) × KW (mm)
×thickness of workpiece (mm)

(1)

3.3 Average surface roughness
Roughness is frequently used as a good analyst of the surface
quality or an irregularity in the surface of a machined component. In the current study, the Ra, which is commonly used
in the manufacturing industry, is considered in checking the
machine surface quality. The typical representation of Ra is
shown in figure 2. The Ra was measured using a ‘Talysurf
(Model: Taylor Hobson)’ 3D surface roughness tester. The
roughness of each cut was measured at 10 different locations
and average of them was taken for analysis. The unit of SR is
µm.

Figure 2. Representation of a typical Ra [25].

3.4 Wire consumption rate
In WEDM, 70% of the machining cost is contributed by the
wire electrode [26]. Thus, to achieve economy, a lower wire
feed rate is recommended. However, frequent wire breakage
is observed when the wire feed is reduced below 4 m min−1 .
Higher values of WF (above 6 m min−1 ) are required for
working with high-pulse power when the cutting rates are
higher (Electronica Sprintcut machine, manual, 2002). The
wire eventually got eroded or broke down after the operation
which could not be reused or recycled. After using the wire,
it loses its tensile strength than the strength it was started
with. The main reason is that the coating layer or top surface
layer is burnt away. Therefore, the consumption of wire is

14

Page 4 of 12

Bull. Mater. Sci.

(2020) 43:14

Figure 3. (a) Schematic view of the RL and (b) SEM image of RL.

one of the vital factors in case of cost analysis. WCR can be
measured by the difference of weight of spool before and after
the operation per 1 mm cut. The unit of WCR is in kg m−1 .
3.5 Recast layer thickness
RL is defined as the layer formed on the WEDM surface due
to the rapid thermal cyclic process, and the re-solidification
of molten material during cooling which is not flushed away
by the dielectric fluid. It is very important to minimize the
formation of the RL as it causes metallurgical changes on the
WEDMed surface resulting in the undesirable transformation
of the material and thus weakens the region below the surface
with poor material properties [26]. A typical view of the RL is
shown in figure 3a. To compute the thickness of the RL, after
WEDM operations, the cross-section (as shown in figure 3b)
of each specimen was polished successively with different
grades of silicon carbide papers with decreasing grit size. The
micrograph of the white layer was then captured under a SEM
(Model: Carl Zeiss Merlin) for the analysis. The area of the
recast/white layer was measured using software (ImageJ) and
then the area was divided by the total length of SEM images
to obtain the average RLT.
3.6 Surface analysis
To inspect the topographies and the surface quality of specimens at very high magnifications, an SEM was used. The
WEDMed surface contains spherical craters, micro-globules
with re-solidified protrusions and cracks which are produced
during the thermal cycle (heating and quenching). This RL
degrades the surface integrity and affects the geometry of the
component at the microscale. Craters and cracks are visible
on the surface.
An EDX machine associated with SEM was also used to
examine the surface property changes of the workpiece material after the WEDM process. The elemental composition of
the RL and percentage weight of the migrated elements on
the machined surface was measured with the help of an EDX

spectrometer. The relative percentages of different elements
present on the recast surface are indicated by the peaks corresponding to their energy levels. Every peak displayed by
EDX analysis is the unique amount of energy released by the
atom of every element. Therefore, the atom can be identified
by assessing the amount of X-ray energy being released by
the atom. In a spectrum, the higher peak indicates a higher
concentration of the element present in the specimen. Foreign
inclusion can also be identified by EDX analysis.

3.7 Micro-hardness analysis
Hardness is the property of a material to resist plastic
deformation. The micro-hardness test in the subsurface is carried out in a micro-hardness tester (Matsuzawa MMT-X7B)
(figure 11) with a minor indentation load (0.1 kg) and a dwell
time of 10 s to avoid the ‘edge effect’. The cross-sections of
WEDM surfaces are polished and etched before being placed
into the hardness testing machine. The expression for the calculation of micro-hardness [27] is as follows:

Vicker hardness (HV) =

F
2Fsin(136◦ /2)
= 1.854 2 (2)
2
d
d

where F is the applied load and d is the mean of two diagonals
of a squared pyramid having an angle of 136◦ .

3.8 Specific discharge energy
The specific discharge energy (SDE) of the WEDM process
is calculated by the following equation [28,29]:

SDE =

2
V × K × Fq × Ton
×η
KW × H × F

(3)
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where V is the voltage, K is the rising slope, Fq is the frequency, Ton is the pulse on time, η is the efficiency, KW is the
kerf width, H is the workpiece height and F is the table feed
rate.

4. Results
The machinability and surface integrity of three steels may
vary because of the cavities formed by the discharge and redeposition of the material under different energy conditions.
Higher discharge energy can result in a higher temperature
of the discharge gap. More thermal conductivity means more
heat transfer to the material which can accelerate the machining efficiency, KW and oxidation reaction rate.
4.1 Effect of discharge energy on performances
After the extensive literature survey, trial experiments and
with appropriate tuning of machining parameters, the discharge energy of WEDM varied at three different levels,
namely high-energy cut (HEC), medium-energy cut (MEC)
and low-energy cut (LEC). The respective parameter combinations are shown in table 3. These values of specific
discharge are taken to distinguish the three different levels
of cutting. The discharge energy under three machining conditions for the three materials is calculated using equation (3)
and is tabulated in table 3.
The effect of different discharge conditions on WEDM performance characteristics for the three types of steel is shown
in figures 4–6. It has been shown that the HEC produced the
highest CS/MRR, MEC has produced a moderate CS/MRR
and LEC produced very low CS/MRR. From this comparative
analysis of three types of steel understudy, it was observed
that upon changing the discharge energy from high to low,
CS/MRR, Ra, RLT and KW decreased, whereas the WCR
increased. This behaviour can be explained by the fact that
during the HEC process, the high-discharge temperature tends
to blast more powerful plasma more rapidly which increases
the erosion of workpiece.
Figure 6 shows that the MRR of H21 steel is comparatively
higher than those of SS316 and M42 HSS in HEC due to

Table 3.

high-thermal conductivity and high tungsten percentage. An
increase in the percentage of WC on the machine surface
results in the increase of MRR [30]. And the MRR of SS316
and M42 HSS is comparatively low because of low-thermal
conductivity and high silicon percentage. An increase in the
percentage of SiC results in the decrease of MRR along with
the higher SR [31,32]. The RLT and KW of H21 tool steel are
higher and the SR and WCR are lower than those of SS316
and M42 steel. A wider RL is observed in H21 steel than
the layer formed in SS316 because more thermal energy is
penetrating through the machine surface due to high-thermal
conductivity.
In HEC, WCR is lower, and due to faster machining, less
wire will be consumed. The opposite phenomenon is observed
in the LEC. The WCR of M42 HSS is higher than that of
the other two types of steel due to the slow rate cutting and
high melting point of the work material. The high hardness of
M42 HSS also plays a minor role in the shearing action of the
wire.
From figures 4 and 6, it is clearly seen that the machining
with HEC exhibits rough and poor surface quality whereas
LEC machining provides a smoother surface. Figures 4
and 7 show that more discontinuous, random and rough surface distribution are observed in HEC than in LEC surfaces.
In HEC, the H21-machined surface exhibits more deep craters
shown in dark blue colour in figure 4d and e, whereas a
more re-solidified globule surface is observed in SS316 and
M42 surfaces (shown in red and yellow colours in figure 4a
and g). These phenomena can be described by the fact that during machining, the high-discharge temperature promotes the
explosion of plasma, which removes a huge amount of material from the machine surface and produces a deeper cavity.
The machined surface formed in H21 HSS exhibits the highest
roughness whereas the surface of M42 is also comparatively
rougher than SS316 steel. The SR of H21 is mainly characterized by the presence of large and deep cavity, micro-defects
due to trapped air bubbles; the SR of SS316 and M42 is mainly
characterized by irregular re-deposition of the molten material. In addition, H21 has shown a significant improvement in
surface finish compared with SS316 and M42 at the lowest
energy level as shown in figures 4c, f, i and 6. The behaviour
is observed due to the sufficient melting, high flushability and

Discharge characteristics in different cutting modes.

Parameters

HEC

MEC

LEC

Ton (µs)
Toff (µs)
IP (A)
SV (V)
WT (kg)

1.35
10
220
20
1.4

0.75
20
180
40
1.2

0.35
30
140
40
1.2

Material
SDE (J

mm−2 )

14

SS316

M42

H21

SS316

M42

H21

SS316

M42

H21

98.45

96.72

91.88

17.35

16.98

16.52

2.6

2.51

2.5
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Figure 4. 3D surface profile of the WEDM surface of: (a, b and c) SS316, (d, e and f) H21 and (g, h and i) M42.

less cooling effect of H21 compared with the other two types
of steel.
The high values of pulse on time and low servo voltage have
resulted in a thicker RL. The increase of Ton and decrease of
SV lead to an increase in the spark intensity, consequently,
more amount of thermal energy is transferred to the material. This, in turn, causes more amount of molten material to
re-solidify on the machined surface leading to a thick RL (figures 5 and 6) [8,33]. The high-discharge energy in HEC causes
severe thermal damage to the machined surface and leads to
a thick RL [34]. However, RL can be reduced by subsequent
MEC and LEC. The RL of H21 steel is significantly decreased
from HEC (18–22 µm) to MEC (11–14 µm) and to LEC
(6–8 µm). In M42 and SS316, the trend is the same but
the layer thickness is smaller, the cause is that less thermal energy penetrates through the low thermal conductive
machine surface. The average thickness of the RL for SS316,
M42 and H21 is found to be 9.1, 10.59 and 14.15 µm, respectively.
From figure 6f, a larger width of kerf is observed in
H21 steel compared with M42 followed by SS316 due to
the higher-thermal conductivity that helps in removing more
metal from the machine surface and consequently produces a

wider width of the kerf. Another probable reason is that H21
contains a large amount of tungsten (W). The WC grains can
be more easily removed from the WEDM machine surface
[30].

4.2 Analysis of surface morphology by SEM
The surface characteristics of SS316, H21 tool steel and M42
HSS alloys are discussed based on the analysis of WEDMed
surfaces examined directly by the surface profiler and the
SEM.
In general, WEDM surfaces are characterized by discharge
craters, porosities, micro-cracks, globules of debris, pockmarks, pits and melted recast drops [8,35]. This is due to
the fact that during the WEDM process the dielectric flushing
is not able to sweep away all the molten material produced
by high-discharge energy and some molten metal and debris
particles get re-solidified on the part surface [8]. The surface
texture comparison in figure 6 reveals that the diameter and
the depth of the craters are significantly affected by the pulse
energy.
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Figure 5. RL formed on the WEDM surface of: (a, b and c) SS316, (d, e and f) M42 and (g, h and i) H21.

By observing figure 7 it is clear that, at high-discharge
energy cut, the machined surface degrades by materializing ‘rippled’ ‘coral reef’ surface, RL, a large number of
deep craters with micro-voids, heat-affected zone (HAZ)
and cracks. These are also evidence from the previous
study [35,36]. More globules are formed by molten metal
droplets and recast on the workpiece surface due to the
high heat energy released by discharges and intense heating followed by rapid cooling in HEC. A large amount of
debris may be deposited due to quick melting and vapourization of the workpiece surface during machining at HEC.
Under high-discharge energy conditions for the three materials (figure 7), the existence of extra amounts of gases
in the plasma channel will lead to a super-saturation of
gases in the molten region. Most of the gas bubbles were
expelled with the splash of the molten material, while the
remaining air bubbles were trapped as micro-voids within
the re-solidified metal and thus produce porous surfaces with
micro-globules and craters. The recast surface of MEC is

covered with more irregular globules of debris as compared
with the LEC. However, low pulse energy machining has better surface quality due to less melted drops, fewer craters,
fine pock-marks and small blow holes as illustrated in figure 7. The porosities, micro-cracks and micro-voids are rarely
observed within the RL when machining is performed in
LEC.
In high-energy mode, micro-cracks are observed in the
RL of H21 tool steel and M42 HSS. Normally, high carbon
contents in steel and excessive electric parameters promote
the formation of micro-cracks in the white layer [36]. But
in SS316, micro-cracks are not appearing on the surface
due to the high toughness, and the presence of the highalloying elements such as chromium, nickel and low carbon.
During machining of SS316 and M42 in low and medium discharge energy modes (figure 7b, c, e and f), the molten metal
is not removed properly in every discharge because of the
low conductive surface which produces insufficient explosion
pressure by the burst of plasma. A ‘coral reef’ microstructure
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Figure 6. Comparing the (a) CS, (b) MRR, (c) WCR, (d) Ra, (e) RL and (f) KW of SS316, H21 and M42 samples obtained under
different machining conditions.

is formed on the SS316 surface by re-solidified materials
with random irregular or spherical debris. Whereas in H21
steel (figure 7h and i), material removal from the surface is
more uniform because of the high conductive surface which
produces sufficient pressure by the burst of plasma. If the
thermal conductivity of the workpiece surface is high, it will
utilize more thermal energy during spark. It is also clear that
the thermal conductivity of H21 steel is more than enough
to vapourize and melt the conductive surface, which slightly
reduces the formation of melted debris and micro-globules
and thereby improves the surface features.

4.3 EDX analysis
In this investigation, an EDX spectrometer was used for
evaluating the relative weight percentage of the migrated elements on the machined (recast) surface. The presence of other
elements in the RL is also indicated by the peaks corresponding to their energy levels. These surface alloying elements
can be controlled by regulating the discharge energy. Figures 8, 9 and 10 show the characterized EDS spectra of the
HEC-machined surface and relative percentage profiles of
different elements on AISI SS316, M42 and H21 materials,
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Figure 7. Surface topography of: (a, b and c) SS316, (d, e and f) M42 and (g, h and i) H21 by WEDM.

respectively (at three energy cutting) on WEDMed surfaces,
respectively.
The carbon and oxygen contained in the spark environment
react with the molten work material in the discharge zone and
form as a carbonized and oxidized RL [37–41]. In this case,
some elements from the dielectric were trapped during the
re-solidification process of the molten material.
In the present study, it is observed from figures 8–10 that
carbon and oxygen are present in the RL for the three specialized steels. Yueqin et al [37] suggested that after discharge
between two electrodes in dielectric medium, the iron oxide
and chromium oxide could be formed in the RL on Cr12
tool steel. The oxygen and carbon in the spark environment
may form oxides of iron and chromium in the case of SS316
[42]. It was observed from the analysis that high concentrations of oxygen and carbon elements were present in the
RL during HEC as compared with the LEC when machining
is performed on H21 steel. High amounts of iron and tungsten are present in the H11 steel (which is a comparable type

of H21 steel), in which EDM can promote the formation of
cementite (Fe3 C) and tungsten carbide (WC) after discharge
[38]. In addition, high oxygen and enough carbon are found
on the M42 machine surface. In the present study, it can be
suggested that the carbon and oxygen may be present in the
oxide and carbide forms for three steels. This phenomenon
usually happens due to the high levels of energies where the
cooling time of the machine surface is not enough.
The depositions of carbon and oxygen as per EDX analysis in SS316 steel for finish cut were found to be around 4.91
and 11.2%, respectively, whereas at HEC the oxidation has
reached 17.03%. More oxides were observed on HEC sample’s surface because machining is performed with a longer
pulse on duration. In LEC, the lowest percentage of oxygen
was decomposed from water in the discharge gap.
It is evident from figures 8–10 that the high contamination of foreign elements (Cu and Zn) also appeared on
the RL which migrated from the electrode wire of brass.
The Zn content was much lower than that of Cu because of
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Figure 8. EDX analysis of the SS316 recast surface.

Figure 9. EDX analysis of the M42 recast surface.

its low percentage in the brass wire. Although most of the
softened materials (such as Cu and Zn) can be expelled by
the dielectric flushing, some still remained on the workpiece
surface as a layer. This is attributed to the insufficient hydrodynamics and recoil pressure of the layer which allows the
electrode debris to deposit in and further recast on the workpiece surface. The percentage of Cu and Zn migrated from
the wire electrode to the recast surface is found in very low
quantity in LEC due to the low-thermal effect at a lower discharge energy level [34]. The deposition of copper on the
recast surface was higher in SS316 than H21 tool steel and
M42 HSS. Among all experiments, in HEC, the Cu content
in the SS316-machined surface has been found to be highest

(13.15%) due to the high pulse on time and low servo voltage.
In addition, higher-thermal conductivity, sufficient hydrodynamics and recoil pressure of the H21 steel surface allow
more amount of molten metal to flush away, which reduces
the chances of Cu deposition.

4.4 Micro-hardness test
The micro-hardness of each specimen has been measured
by using a hardness tester followed by equation (2) [27].
Figure 11 shows the micro-hardness profile on the subsurface of the three steels formed by three cutting modes. During
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Figure 10. EDX analysis of the H21 recast surface.
AISI M42
LEC
MEC
HEC

Microhardness (HV (0.1 kg))

800
700

AISI H21
LEC
MEC
HEC

600
500
400

AISI SS316
LEC
MEC
HEC

300
200
0

20
40
60
80
Depth from machine surface (µm)

100

Figure 11. Micro-hardness of SS316 and H21 steel at LEC, MEC
and HEC.

HEC, significant softening occurred in the HAZ due to thermal degradation, Cu deposition, which can be minimized
by LEC with low-discharge energy. The variation of microhardness values at each mode has resulted from the irregular
rough surface and depth of the RL. The increased value of
micro-hardness below RL could be due to the possible formation of intermetallic crystalline structure [36]. In comparison,
the hardness of the RL of H21 tool steels and M42 steels is
higher than that of the base metal due to the rich C content.
However, the very low C content of SS316 would not make
the RL harder after quenching in a dielectric fluid. The microhardness of the HAZ was also found lower than the interface
between the RL and HAZ under each condition. The reason
is that the thermal damage from multiple thermal loadings
has a softened effect on the discharging process. The average

micro-hardness of H21 and M42 steel in the HAZ is significantly higher in LEC (HV) and then subsequently it reduces
in the cases of MEC (HV) and HEC (HV). In the LEC modes,
the RL becomes more uniform and solid which has a high
resistance to deformation at the indentation. The low microhardness in HEC mode was also caused by the highly porous
microstructure, along with the inclusion of Cu in the RL. Guu
and Hocheng [43] reported that the high micro-hardness of
HAZ is caused by the influence of the hard oxides and/or
carbides.
5. Conclusion
A comprehensive study of the evolution of machining efficiency and surface integrity of SS316, M42 HSS and H21
steel by WEDM has been carried out. The key findings are
summarized as follows:
• Due to the different thermal conductivity of three materials, the WEDM performance of three materials is
different and does not depend on other properties such
as the mechanical hardness.
• The machinability in terms of MRR and KW of H21
tool steel is higher compared with those of SS316 and
M42 HSS. The RL formed in SS316 exhibits a greater
SR, more micro-globules than H21 steel due to trapped
air bubbles. However, a wider RL is observed in H21
steel than that formed in SS316 and M42 HSS because
more thermal energy is penetrating through the H21machined surface due to high-thermal conductivity.
Roughness distribution shows that highly discontinuous, random and rough surface distribution is shown in
HEC than the LEC surfaces. The ‘coral reef’ surface is
evolved in HECs for both SS316 and M42 HSS.
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• In high-energy mode, more micro-cracks are observed
in the RL of H21 steel and fewer micro-cracks
are observed in M42 HSS but in SS316, microcracks are not observed on the surface due to the
high-alloying elements such as chromium and nickel
and low carbon. The porosities, micro-cracks and
micro-voids are rarely observed within the RL of the
three types of steel when machining is performed in
LEC.
• The discharge energy and thermal conductivity of the
material have a positive effect on the characteristics
of the recast surface and inclusion such as oxygen,
carbon, Cu and Zn. More carbon and oxygen may be
formed in the RL when machining is performed on
H21 steel due to ingress carbon, whereas adequate
oxygen and less carbon are formed in the case of
SS316.
• The deposition of copper on the recast surface detached
from the brass wire electrode was higher in SS316
than H21 steel. Higher-thermal conductivity, sufficient
hydrodynamics and recoil pressure of the H21 steel
surface allow more amount of molten metal to flush
away, which reduces the chances of copper deposition.
• A significant softening occurred in the outermost surface due to copper deposition and in the HAZ in HEC
due to which thermal degradation can be minimized by
LEC with low-discharge energy.
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