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Abstract The performance of the produced parts in the elec-
trical discharge machining (EDM) is strongly influenced by
the final quality of surface. High thermal gradients in EDM
process develop considerable changes in surface integrity of
machined samples such as changing the chemical composition
of the surface, micro cracks appearance, recast layer, residual
stresses, and reduction in fatigue life and corrosion resistance.
Ultrasonic-assisted EDM (USEDM) and powder-mixed di-
electric EDM (PMEDM) are two techniques in improving
EDM efficiency. This paper was an attempt to investigate
the effects of USEDM, PMEDM, and powder-mixed dielec-
tric USEDM (PM-USEDM) processes on main characteristics
of the surface integrity such as surface roughness, micro
cracks, heat-altered metal zone, and residual stress. Scanning
electron microscopy (SEM) micrographs were used to analy-
sis micro cracks and heat-altered metal zone, and nanoinden-
tation method was utilized to measure the amount of residual
stress of discharged surface. The results indicated that
PMEDM process improved surface roughness as well, in-
duced micro cracks in PM-USEDM were very low, and
heat-altered metal layer was very thick in traditional EDM
comparing to PM-USEDM process which was thinner. The
results of the present study also confirmed that the amount of
residual stress of ultrasonic-assisted process was partially in
lower level and had different profile compared with traditional
EDM and PMEDM process.
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1 Introduction

Electric discharge machining (EDM) is an effective
manufacturing process that provides hard materials machining
with intricate shape which are different from those produced
by the traditional machining processes [1]. In EDM, the elec-
trical sparks are utilized for machining of electrical conductive
materials. When distance between the electrodes is very little,
the dielectric in this area is ionized and electric current can
flow between electrodes which results in the happening of
spark discharges that make plasma channel [2]. The spark
energy develops very high temperatures (about 8000–
12,000 °C) that are enough to melt and vaporize workpiece
material [3]. At the end of pulse duration, the discharges ter-
minates, some of the molten and vaporized materials are
ejected from the workpiece and are removed by dielectric
flow. The dielectric fluid limits plasma channel to a very small
zone; hence, the intensity of plasma energy flux remains very
high over a small area of the workpiece, and also this fluid
carries away machining debris that are collected in the plasma
gap between the tool and the workpiece [2]. The plasma chan-
nel develops very high pressure (about 3 Kbar) in spark chan-
nel. This pressure retains the molten material in place. At the
end of pulse duration, electrical discharges disconnect and the
pressure field collapses. The sharp pressure drop throws the
melted and vaporized material from the molten puddle. The
particles that were expelled from the spark zone freeze instant-
ly in contact with the cold dielectric; finally, dielectric flow
takes away the produced debris [4].

Every spark creates a cavity on the workpiece surface and a
smaller one on the tool electrode. In a single discharge, only a
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small fraction, about 15% or less, is removed by the dielectric.
The rest of the melted material resolidifies to form recast layer
[5]. This layer, that is difficult to etch, is known as the white
layer. Moreover, under the white layer, there is a layer in
which intense heating and rapid cooling change its microstruc-
ture and mechanical properties. One of the characteristics of
EDM process is the abundance of micro cracks on machined
surface. These cracks are generated due to the thermal stresses
and transformational changes happen in the workpiece body
as the result of fast cooling after discharge, and it often reaches
to the ultimate strengths of the material. The cracks usually
penetrate into recast layer and cause the reduction of wear,
fatigue, and corrosion resistance of EDMed specimens [5,
6]. Thermal processes, as well, develop residual stresses at
machined surface. These stresses are generated due to high
temperature gradients that were aroused from rapid thermal
loads and thermal shrinkage of resolidified layer of machined
workpiece, along with plastic deformation and phase transi-
tions [7]. The residual stress affects the fatigue performance,
dimensional accuracy, and stress corrosion resistance of a
discharged component.

In order to decrease abovementioned limitations, EDM
process has made use of techniques such as chemical process-
es, ultrasonic aided mechanisms, powder-mixed dielectrics,
etc. Regarding residual stress of EDM process, Kremer et al.
studied the effects of ultrasonic vibration on EDM perfor-
mance. Their findings indicated that ultrasonic vibrations
had considerably improved the EDM process; in this condi-
tion, residual stresses were less at a certain depth compared
with pure EDM. However, there was no significant difference
at surface residual stresses. Also, ultrasonic vibration had a
positive effect on fatigue life and the reduction of affected
layer [8]. Ekmekci et al. (2005) evaluated induced residual
stresses in EDM process. They used layer removal technique
for measuring residual stress along the depth of machined
surface. The results showed that residual stresses along the
depth increased to their maximum value which was approxi-
mately near the ultimate tensile strength of the material. Then,
residual stress decreased quickly to comparatively low com-
pressive stresses. The model of residual stress curve along the
depth was the same at various pulse durations and currents
except at samples which had cracking network. The depth of
maximum residual stress was dependent on the discharge en-
ergy [9]. Guo et al. combined ultrasonic vibration and wire
electrical discharge machining (WEDM). The outcomes indi-
cated that applying vibrations generally promoted WEDM
efficiency, so that material removal rate increased and the
surface quality improved. The use of X-ray diffraction method
revealed that residual stress in ultrasonic aided WEDM pro-
cess was lower than WEDM process [10].

Mamalis et al. determined residual stress distribution of
micro alloyed steel in EDM process by utilizing X-ray diffrac-
tion method. They found that there was significant amount of

residual stresses at the inner layer. It was demonstrated that the
maximum amount of stresses was approximately independent
of the spark energy and reached the ultimate strength of the
material. Increase in discharge energy entailed increase in the
depth that the maximum residual stress happens, because of
the presence of the excessive amount of surface cracking with
high-energy discharges [10]. Das et al. (2003) simulated re-
sidual stresses and microstructure changes in EDM process by
the use of finite element method and compared the results with
experimental data. They reported that the amount of residual
stress in a single discharge near the discharge location would
reach to the tensile strength of the material. It might develop
micro cracks in the heat affected zone. Induced residual stress-
es profile versus depth implied that these stresses had very
high amount near the machined surface, but they vanished
quickly in the inner layer region [11]. Guu et al. (2003) ana-
lyzed EDM-altered surface properties and machining defects
of AISI D2 steel. They correlated residual stress and EDM
inputs using regression modeling. The model revealed that
pulse current hadmore effects on residual stress in comparison
to pulse duration. Electrical discharge machining developed
micro defects which were stress concentration sites, those that
initiated cracks. This micro defects reduced the capacity of
strain energy density and led to the reduction of the strength
of material [12]. The amount of subsurface residual stress and
microstructure changes of tool steel in EDM process had been
evaluated by Ghanem et al. Residual stresses that were mea-
sured by XRD method revealed peak tensile stresses (close to
ultimate strength of material) which was about 50 μm under
the discharged location. Surface hardness of machined sam-
ples was almost four times of bulk material hardness. This
change was depended on the change of near surface phase
and carbon decomposition of hydrocarbon dielectric [13].

Ghanem et al. surveyed fatigue life of tool steel in finishing
EDM process. The measurement of residual stresses indicated
that the isotropic stresses mean peak value was 750 MPa at
subsurface. Tensile residual stresses had changed to compres-
sive mode at about 120 μm depth. They found that by remov-
ing EDM-induced surface cracks and applying compressive
residual stresses, endurance limit of machined samples im-
proved 70% compared with untreated samples [14]. Fatigue
and fracture properties of EDMed WC-CO were studied by
Casas et al. The results showed that the main cause of strength
reduction was related to EDM-produced residual stresses.
Posttreatment was required for electrical discharged speci-
mens, which were subjected to fatigue loads in order to elim-
inate or reduce the residual stresses level [15]. Rebelo et al.
(1998) considered the correlation between spark energy and
surface integrity of martensitic steels in EDM process. The
results of their experiments expressed that the depth of peak
residual stress was related to the average depth of EDM cracks
penetration. The appearance of the most of the cracks on sur-
face and subsurface corresponded to the relief of stresses. For

2000 Int J Adv Manuf Technol (2017) 93:1999–2011



this reason, spark energy influencedmainly the depth in which
the largest amount of residual stress appeared; so, as the dis-
charge energy increased, the affected depth increased, too.
Therefore, induced residual stress diminished at surface as
the result of the increase of the spark energy [16]. Yang
et al. (2013) used molecular dynamics technique to simulate
residual stress induced in EDM process. They reported that
the amount of the stresses inside resolidified region meaning-
fully oscillated in sparking period. With the passing of time,
the normal stresses at the specimen surface were changed
from compressive stress to tensile one, and stresses in interior
layers were left at compressive state. Therefore, tensile resid-
ual stresses existed in surface and close surface layers and
compressive residual stresses remained at interior regions.
This implied that the surface of machined parts by EDM pro-
cess was prone to crack generation and growth [17].

Review of research literature revealed that there are few
studies about EDM and residual stress induced in EDM pro-
cess, especially in the case of EDM variables and their effects
on residual stresses. Also, there is not any comprehensive
work regarding hybrid EDM and surface integrity compo-
nents, particularly residual stress, whereas surface integrity is
a feature of the workpiece that is affected by hybrid EDM
mechanisms. The main aim of this study was to investigate
the machining characteristics of titanium alloy Ti-6Al-4V
using EDM and hybrid EDM processes (applying ultrasonic
vibration to tool electrode, adding nanopowder into dielectric
in EDM and simultaneous utilization of ultrasonic vibration
and addition of nanopowders). It is probable that ultrasonic
vibration of tool in PMEDM process causes uniform distribu-
tion of the nanoparticles in dielectric medium and increases
the nanoparticle energy in the presence of elastic waves,
which improves nanopowders influence in EDM process.
The hybrid EDM processes were performed in different ma-
chining settings (pulse duration and pulse current) to evaluate
the machining efficiency, surface integrity, and residual stress.

2 Materials and method

2.1 Material

Ti-6Al-4V is one of the most widely used alloys because of its
potential in maintaining excellent physical properties even at
high temperatures. Some of the characteristics of these alloys
include lowweight associated with high strength, excellent resis-
tance to fatigue and creep, good resistivity in corrosive environ-
ments, and biocompatibility. Ti-6Al-4V is used in various areas
such as automotive, biomedical, aerospace,marine, and chemical
processing industries. Due to the limitations of machining, this
alloy (like low thermal conductivity and work hardening) with
traditional machining, non-conventional machining methods,
like laser beam machining, electrochemical methods, and EDM

process was used for machining this type of material (chemical
composition of this alloy is provided in Table 1). The utilized
samples in this experiment were prepared from titanium bar by
the use of wire cut machine. All of titanium bars were cut at a
height of 10mmwith diameter of 14mm.The surface of samples
that were subjected to machining operation was polished with
grinding machine. At the end of the sample preparation phase,
before EDM experiments, the samples were placed at heat treat-
ment furnaces for 2 h at 500 °C and then were cooled down
slowly in the air to conduct stress relief treatment [18]. Tool
electrodes were made of copper bar by the use of turning oper-
ation, and some of the electrodes that were attached to ultrasonic
head were threaded. Table 2 illustrates the physical and mechan-
ical properties of the titanium alloy and the copper electrode.

2.2 EDM and hybrid machining condition

EDM tests were performed with Charmilles Roboform 200
die sinking apparatus that had an Iso pulse generator. In order
to control the process stability and compare the pulse shapes
in different processes, an electronic circuit was connected to
PC to display and record the voltage and current pulses. In
hybrid machining mode, the tool electrode vibrated by ultra-
sonic frequency and SiO2 nanopowder was added to dielectric
fluid. Because of applying ultrasonic vibrations to the tool
electrode, an ultrasonic head with 20 kHz vibrating frequency
and 200 W power mounted on EDM machine. Schematic
setup of equipment used in the experiments is presented in
Fig. 1. Machining experiments were performed according to
the design of experiments (DOE) full factorial technique; ac-
cordingly, four levels were considered for current and pulse
duration. Two kinds of dielectric (with and without
nanopowder) were utilized, and all tests were conducted in
two different modes of tool electrode (with and without ultra-
sonic vibration); all of the machining tests were repeated three

Table 1 Chemical composition of Ti-6Al-4Valloy in %

H N C O Fe V Al Ti

0.0053 0.01 0.02 0.18 0.22 4.02 6.08 89.464

Table 2 Physical and mechanical properties of workpiece and tool
materials

Material Copper tool Workpiece (Ti-6Al-4V)

Modulus of elasticity 110 Gpa 113 Gpa

Melting point 1084 °C 1660 °C

Density 8.9 g/cm3 4.43 g/cm3

Electrical resistivity 16.78 nΩ.cm 178 μΩ.cm

Thermal conductivity 401 W/m.K 6.7 W/m.K
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times; other parameters were constant. Table 3 indicated the
other machining settings and experiments inputs.

2.3 Surface characterization

In order to study the surface morphology, the distribution of
cracks and depth of heat-affected layers, the scanning electron
microscope (SEM) instrument (MIRA3 FEG-SEM) was used.
The samples were cut perpendicular to the machined surface
by using wire EDM, and after polishing, they were etched by
using Kroll’s reagent. It was composed of 92 ml distilled

water, 6 ml nitric acid, and 2 ml hydrofluoric acid; the samples
were immersed in etching solution for 15 s [19]. Surface
roughness of machined workpiece was measured by surface
roughness measuring device (Mahr-Perthomether M2). The
mean value of three measured data in different directions
was regarded as surface roughness in Ra scale.

2.4 Residual stress measurement and methodology

There are many techniques for the measurement of residual
stress in components. Some of them are destructive, some
semi-destructive, and others are nondestructive methods. Most
of these methods have limitations such as material type and its
structure, depth of penetration, inaccuracy of strain measure-
ment, the complexity of measurement, and expensiveness
[20]. In comparison to these methods, the current study applied
a procedure that was simple, less complex, and inexpensive to
determine residual stresses. In this method, named as nanoin-
dentation, microhardness test was used to determine the state of
residual stress in material. This method was firstly introduced
by Suresh and Giannakopoulos. Nanoindentation is based on
the principle that the residual stress in the material influences
indentation load depth curve, so by analyzing and comparing
between stressed indentation curve and unstressed one, the
amount of residual stress in intended region could be obtained.
The differences in indentation deformation induced by residual
stress were estimated in load depth curve (Fig. 2). In practice,
various parameters influence this procedure. The most serious
of these factors includes thermal drift (creep within the speci-
menmaterial and change in dimensions of the instrument due to
thermal expansion), surface roughness of workpiece, first con-
tact of indenter with the specimen surface before the displace-
ment measurements, instrument compliance, and indenter ge-
ometry. Others arise from environmental changes during the
test, material-related issues such as crystallographic effects, fric-
tion state between the tip and material history (strain hardening
or relief) [21].

Fig. 1 Schematic setup and real picture of experiments

Table 3 Input variables and process parameters of spark

Input variable Value

Pulse duration (μs) 400, 100, 25, 6.4

Pulse current (A) 48, 24, 12, 6

Pulse off time (μs) 6.4

Open circuit voltage (V) 200

Gap distance (μm) 50

Dielectric Oil flux ELF
Fig. 2 Load depth curve in nanoindentation technique
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In the indentation curve, applied force for specimens with
compressive residual stress was higher in comparison to un-
stressed state. It was confirmed that loading curve had more
slope than stress-free loading curve. Conversely, in specimens
with tensile residual stress, applied force was less than un-
stressed state, and related loading curve had fewer slope than
stress-free loading curve.

It was assumed that residual stress to be equi-biaxial plane
stresses (σresidual,x = σresidual,y = σresidual and σresidual,z = 0), this
stress composed of hydrostatic stress (σHydro= 2

3 σresidual) and

plastic deformation sensitive shear deviator stress (σDeviator = 1
3

σresidual). The residual stress component in the direction of
applied indentation force in the deviatory stress section was
added to indentation pressure that was applied perpendicular
to the surface [22]. Therefore, the variations between indenta-
tion forces in stressed and unstressed samples indented to a
penetration depth, LT−L0, introduced as residual stress. The
relationship between indentation load and equi-biaxial resid-
ual stress is presented in Eq. (1):

σresidual ¼ 3 L0−LTð Þ
.

2AT
C

� � ð1Þ

In Eq. (1), the real contact area between indenter and sam-

ple was shown by AT
C.

In the current research, the amount of residual stress had been
measured by calculating the variations between indented contact
areas of unstressed and stressed specimens utilizing the analysis
of loading curves according to the following equations [23]:

In tensile residual stress condition:

σr ¼ H 1−A0=A
� � ð2Þ

In compressive residual stress condition:

σr ¼ H 1−A0=A
� �.

f ð3Þ

In these equations, A and A0 were the indentation contact
areas of stressed and unstressed samples. H was the hardness
of material and the geometric factor of the indenter was present-
ed by f. All the indentation experiments were load-controlled
tests with 1000 mN applied force and Berkovitch indenter with
100 nm tip radius was used. Every indentation experiment was
repeated three times and indentation curves of each machining
process were plotted using mean value of obtained data.

3 Results and discussion

3.1 The effects of hybrid EDM processes on material
removal rate

Material removal rate (MRR) was one of the most important
outputs of EDM process. In rough machining conditions as

the value of this parameter increases, the machining efficiency
will exceed, too. In finishing conditions, mostly high magni-
tude of MRR affects adversely on the quality of produced
surface. MRR (mm3/min) is defined as follows:

MRR ¼ M 1−M 2ð Þ � 103
.

ρTi � tð Þ ð4Þ

In Eq. (4), M1 and M2 are the workpiece mass (gr) before
and after machining, respectively. ρTi is the density of titanium
alloy (gr/cm3) and duration of machining is represented by t
(min). One of the main reasons of hybrid or combined EDM
processes is the increase of MRR. In this study, in order to
study the effect of hybrid processes onMRR and other desired
outputs, MRR ratio parameter was defined as follows:

MRR ratio ¼ MRR of hybrid EDM
.
MRR of traditional EDM

The analysis of adding nanopowders and the application of
ultrasonic vibration separately and simultaneously in EDM
process on MRR can be carried out more easily by the use
of MRR ratio. The results of different EDM processes versus
pulse duration and current on MRR ratio are presented in
Figs. 3 and 4, respectively. As it is apparent from these figures,
MRR of hybrid processes is higher than the traditional EDM
(MRR ratio >1). In this case, the effect of applying ultrasonic
vibration on MRR ratio was more than the addition of
nanopowders in dielectric, and the combination of these hy-
brid processes had the greatest influence on MRR ratio, too.
The increase of MRR ratio by applying ultrasonic vibration of
tool could be attributed to the following reasons:

1. Ultrasonic waves transport energy and momentum that are
passed to the charged particles in discharge zone; this causes
the production of acousto-electric current. The free charge
modulation produced by acoustic wave increases collision
ionization and brings about faster growth of streamers in the
breakdown process of the dielectric [24]. The produced
acousto-electric current I is introduced by Eq. (5)

I ¼ μPd=LV ð5Þ

In Eq. (3), μ and Pd are the movability of charged particles
and acoustical power transferred to charged particles, respec-
tively. The interplay span and the phase speed are introduced
by L and V, respectively.

The produced agitation in dielectric would further improve
deionization and remove any adhering particles from the elec-
trode surface; hence, it results in decreased arcing and micro
shorts relatively.

2. Ultrasonic vibration of tool increases charged particles
energy inside discharge channel. The amount of the in-
crease (δEZ) can be explained by Eq. (6).
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δEz ¼ 1
�
tp
∫τ0
1

2
Msu2 tð Þdt ¼ MsU2

=4 ¼ Msπ
2 f 2A2 ð6Þ

In Eq. (6), tp, A, and MS are the period of the vibration,
amplitude of vibration, and mass of a plasma particle, respec-
tively. The amplitude at any instant and the maximum ampli-
tude of the vibration are presented by u and U [25].

3. When tool vibrates with ultrasonic frequency, compres-
sive and refractive waves are produced; accordingly, mi-
cro bubbles and micro streams appear inside plasma chan-
nel. They act as a pump and removes debris and machin-
ing products from the gap efficiently. By renewal of di-
electric fluid, short and open circuit pulses are reduced.
Therefore, the stability of machining is improved.

4. Ultrasonic waves in expansion phase have the aggressive
action in plasma channel and facilitate the ejection of
melted material from the molten puddle; as well, in con-
traction phase, the pressure drop inside the plasma chan-
nel resulted in strong suction force inside the discharge
region in which intense bulk boiling is developed and
molten material is exploded away from discharge loca-
tion. So, the amount of removed material from workpiece
increases [26, 27].

The addition of nanopowders to dielectric did not have any
significant influence on MRR ratio; however, in low-energy
conditions (low-pulse current and low-pulse duration), this
addition increased the amount of MRR ratio (Fig. 4a). In
low-energy pulses, plasma channel energy was not sufficient
to overcome the dielectric breakdown strength; in contrast, the
addition of powder particles in dielectric reduced the break-
down strength of dielectric. Likewise, sparks could take place
in lower pulse currents and durations which resulted in the
increase of MRR ratio in this condition. The deduction of
MRR ratio that was caused by the increase of pulse duration
in Fig. 3a was due to the accumulation of machining debris in
machining gap.

The application of nanopowders in dielectric and ultrasonic
vibrations of tool simultaneously amplified the effects of each
other. This would be as the results of two reasons: better dis-
persion of the nanoparticles in the presence of ultrasonic vi-
bration and the increase of nanoparticles energy in the pres-
ence of acoustic waves in dielectric. In both cases, ionization
of plasma channel had developed quickly. Also, using
nanopowder, electrons and ions moving in the dielectric had
been accelerated in the presence of ultrasonic vibrations and
had been collided with nanopowder particles. These particles
produced more electrons and ions by absorbing energy. This

Fig. 3 The effect of hybrid EDM
processes on MRR ratio versus
pulse duration in a 24 A pulse
current and b 48 A pulse current

Fig. 4 The effect of hybrid EDM
processes on MRR ratio versus
pulse current in a 25-μs pulse
duration and b 100-μs pulse
duration
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phenomenon increased the number of sparks per unit of time
(spark frequency) [28, 29].

3.2 The effects of hybrid EDM processes on surface
roughness

Figure 5a, b depicted the effects of hybrid EDMprocesses on the
surface roughness versus pulse duration and pulse current. SEM
micrographs of machined surface in different hybrid EDM pro-
cesses are presented in Fig. 6. As it is apparent from these figures,
the application of ultrasonic vibration increased surface rough-
ness of machined specimens (Fig. 6c, d). The reasons of this
could be demonstrated as follows: During the application of
ultrasonic vibrations, as the result of better cleaning of discharge
gap and increased energy of plasma particles, the energy of each
discharge enhanced. Therefore, the amount of melted material
and expelled out of the molten puddle increased in bulk boiling
process. It resulted in enhancement of the depth of cavities after
solidification. As a result, the surface roughness increased [30].
Ultrasonic vibration was also applied in PM-USEDM process,
even though the effects of this vibration were further in the pres-
ence of nanoparticles. Because of applying vibration, the velocity
and the acceleration of particles in the dielectric increased and
collided withworkpiece; themomentum of this movement threw
out more molten material from the molten puddles. It increased
both the depth of the holes and the surface roughness [29].

Considering the high speed and acceleration of tools due to
ultrasonic vibrations, these movements acted like a pump and
increased fluid movement in the gap; in the shortest time, the
fresh dielectric was replaced by the polluted dielectric. These
factors provided the conditions for eliminating arc and short
circuit pulses and increasing the number of normal pulses.
Normal and high-energy pulses created deep craters and en-
hanced surface roughness.

In both USEDM processes (with and without powder), the
tool oscillated with 20 KHz frequency. In these methods, the
cycle of upward movement of the tool developed pressure drop
in machining gap, and muchmore molten materials were ejected
from molten puddles compared with the traditional EDM; as a
result, the depth of cavities and surface roughness were increased
[30]. The lowest surface roughness among the mentioned pro-
cesses belonged to PMEDMprocess (Fig. 6b). Improved surface
finish was one of the most important features of adding powder
in dielectric in EDM process. Adding nanoparticles in dielectric
resulted in the enhancement ofmachining gap and spark frequen-
cy; in this condition, sparks energy and the electric field intensity
distribution were more uniform. By reducing the high-energy
sparks and electrostatic capacitance between the electrodes via
distance increase, pulses with very low current and low energy
led to the creation of smaller sparks and shallower cavities, as it is
evident in SEM Fig. 6b. Accordingly, it was confirmed that
surface finish would be improved along with increase in machin-
ing rate [31].

3.3 The effects of hybrid EDM processes on surface micro
cracks

Surface micro cracks are considered as the important factors
that influence surface integrity of produced parts. The number
and the distribution of micro cracks have determinant role in
the performance and fatigue resistance of machined samples.
As well, regarding the fact that EDM is an electro thermal
process; therefore, the development of surface micro cracks
in machined components is inevitable. But controlling the size
and the number of micro cracks by controlling discharge en-
ergy is possible. Figure 7 shows the produced cracks on ma-
chined surface in different hybrid EDM processes. According
to Fig. 7, it is clear that traditional EDM process had

Fig. 5 The effect of hybrid EDMprocesses on surface roughness a versus pulse duration in 48A pulse current and b versus pulse current in 400-μs pulse
duration
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developed wider and greater cracks (Fig. 7a). In ultrasonic-
assisted and nanopowder-mixed dielectric processes, Fig. 7b,
c, the length and the width of cracks had been decreased.
Regarding surface cracks, surface quality was very favorable
in PM-USEDM process as shown in Fig. 7d.

In PMEDM, nanoparticles increased spark frequency and
the large number of discharges with lower energy was gener-
ated in the discharge region. As well, nanopowders enlarged
and widened the plasma channel. Consequently, the number
of parallel sparks in machining zone was increased and elec-
tric energy was uniformly distributed among the sparks. In

conclusion, transferred thermal energy to the workpiece was
distributed in larger area and the input energy intensity was
reduced per unit of area. With regard to the aforementioned
reasons, thermal stresses and solidifying shrinkages were re-
duced which resulted in the deduction of the length and the
width of produced cracks.

In the USEDM process, material removal rate was higher
than the traditional EDM. This was because of the ultrasonic
waves that left less volume of resolidified material on ma-
chined surface; hence, lower thermal stresses and fewer cracks
appeared on the machined surface. In PM-USEDM process,

Fig. 6 SEM micrograph of produced surfaces in processes a EDM, b PMEDM, c USEDM, and d PM-USEDM, machining parameters: 48 A pulse
current and 400-μs pulse duration
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ultrasonic vibration of tool and the existence of nanopowder in
dielectric simultaneously were more efficient on crack reduc-
tion compared with applying them separately. Since each tech-
nique had its influence on micro cracks reduction, they inten-
sified each other’s effect. For example, the existence of
nanopowders in dielectric accompanied with ultrasonic waves
affected these particles to move faster and accelerate in plasma
channel. Collisions of these accelerated particles with melted
layer caused more molten material ejection from each puddle,
so the thickness of recast layer had decreased. It had direct
effect on crack reduction in machined surface.

3.4 The effects of hybrid EDM processes on the depth
of altered metal zone

After EDM process, an altered metal zone had formed on the
discharged surface, and it was composed of recast layer and heat
affected zone. EDM process changed the metallurgical structure
and the characteristics of this region. Micro cracks were formed
in this very hard, brittle layer due to the increase in non-
homogeneities of metallurgical phases within it. The recast layer
was outer layer and was the result of the resolidification of the
melted material which was not thrown out from the discharged

Fig. 7 SEMmicrograph of surface micro cracks in processes a EDM, b PMEDM, c USEDM, and d PM-USEDM, machining parameters: 48 A pulse
current and 400-μs pulse duration
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region. This layer had high hardness, good adherence to the bulk,
and good corrosion resistance. However, the recast layer had
increased the surface roughness made the surface hard and brittle
and had decreased the fatigue strength due to the presence of
micro cracks and microvoids. The SEM images of altered metal
zone of different EDM processes are represented in Fig. 8.

The altered metal zones of traditional EDM and PMEDM
are presented in Fig. 8a, b. SEM of Fig. 8a was taken at ×500
magnification, while the others were taken at ×2000 magnifi-
cation. The altered metal zone in traditional EDM was thicker
than other processes; its thickness was about four times of the

thickness of altered metal zone in PMEDM and USEDM pro-
cesses. In PMEDM and USEDM processes, the depth of al-
tered zone was reduced significantly. There was a little differ-
ence between Fig. 8b, c which belonged to PMEDM and
USEDM process, respectively. The effects of nanopowders
in dielectric on recast layer (outer part of metal-altered zone)
could be explained as follows: the diameter and the length of
discharge channel in powder-mixed dielectric were greater
than the traditional EDM. In this condition, powder-mixed
dielectric fluid produced more electrical discharges that leads
to increase in the number of sparks formed in a single pulse,

Fig. 8 SEMmicrograph of cross section of machined surface in processes a EDM, b PMEDM, cUSEDM, and d PM-USEDM, machining parameters:
48 A pulse current and 400-μs pulse duration
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and discharging energy was dispersed to a larger area, so the
depth of melted zone and recast layer was decreased [8].

By adding nanopowders to dielectric, the rate of forming
plasma channel and igniting breakdown was faster than the
traditional EDM, so there was fewer accumulated energy be-
fore the breakdown period, and as a result, thinner altered
metal zone was formed in this process [32]. As indicated in
Section 3.1, removed melted material in USEDM was more
than conventional EDM, so that the recast layer of hybrid
USEDM process became thinner [33, 34].

The effects of stimulus ultrasonic vibration of tool and the
addition of nanoparticles in dielectric to altered metal zone are
shown in Fig. 8d. As it is apparent from this figure, the layer was
thinner in comparison to the other machining processes. This
case might be described by the reasons declared in Section 3.3.
However, it would be worthwhile to state that combination of
USEDM technique with nanopowder added dielectric amplified
the effects of each other in reducing altered metal zone depth.

3.5 The effects of hybrid EDM processes on residual stress

Residual stress had notable role on surface integrity and fa-
tigue life of sensitive components and structures. In many
thermal processes for removing residual stress, posttreatment
processes were performed on produced parts. In EDM pro-
cess, tensile residual stress was developed on machined parts
which in many cases affect the proper performance of them.

The results of measuring residual stress of machined work-
pieces by nanoindentation technique are presented in Fig. 9.
Residual stress of machined samples in 100-μs pulse duration
and 6, 24, and 48 A pulse current are illustrated in Fig. 9a, b, and
c, respectively. As it was demonstrated in these figures, the re-
sidual stress curves of hybrid processes in which ultrasonic vi-
brations were used were similar to each other, and residual stress
curves of EDM and PMEDM processes were the same, too.

In all of the residual stress curves, the initial stress value
was in a determined amount, but its value was maximized as

Fig. 9 Residual stress of machined workpieces by different hybrid EDM in a 6 A pulse current and 100-μs pulse duration, b 24A pulse current and 100-
μs pulse duration, c 48 A pulse current, and 100-μs pulse duration
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the depth of it increased. Thereafter, this amount had rapidly
decreased and had changed to compressive residual stress;
finally, it was settled to zero value because of its self-
equilibrium characteristic [34]. However, the minimum value
that the stresses began in that value, the expected depth of
maximum value, and finally, the depth of conversion to com-
pressive stresses and disappearance were all different in vari-
ous hybrid processes and machining setting.

It would be expressed that when the pulse current increases,
the differences between the processes that were conducted by the
aid of ultrasonic vibration were more distinct than the other
methods. In addition, in the beginning of all curves, the residual
stress of ultrasonic-assisted process was greater than the others,
but themaximum amount of it was lower, and in smaller depth, it
was changed to compressive state. In this manner, without con-
sidering their sign, their compressive stresses were smaller. The
differences between the curves were analyzed as follows:

In PMEDM process, a discharge was converted to some
smaller discharges; in this case, there were not any consider-
able change in remained melted material on the workpiece
surface. But the peak residual stress in ultrasonic-assisted pro-
cesses was lower compared other processes. In ultrasonic-
assisted processes, considering the mechanisms described in
Section 3.1, the presence of elastic waves caused more melted
materials ejection frommolten puddles; consequently, the vol-
ume of recasted material was decreased, and the peak residual
stresses were reduced due to solidification of the thinner layer.

The reasons for higher residual stresses of ultrasonic-assisted
process at the beginning of charts could be clarified as follows:
the presence ofmore and biggermicro cracks of traditional EDM
and PMEDM released some amount of residual stresses. As
shown in Fig. 7, micro cracks of ultrasonic-assisted process were
lower in comparison to the other processes. Therefore, the ap-
pearance of cracks in traditional EDM and PMEDM reduced to
the near surface residual stresses in these processes.

As it is obvious in Fig. 9a, b, and c by increasing pulse
current, the residual stresses of different processes were ex-
tended to greater depth. It was due to increase in input energy
to the workpiece as a result of higher pulse current that left
more molten material in the cavity and consequently the depth
of the recasted layer increased so residual stresses extended to
the greater depth from the surface of the workpiece.

4 Conclusion

In this research, USEDM, PMEDM, and US-PMEDM pro-
cesses were used for machining of Ti-6Al-4V titanium alloy.
The effects of these techniques on surface integrity and resid-
ual stress of machined parts were evaluated and were com-
pared with traditional EDM. The final results of this work
were summarizes as follows:

& MRR of hybrid processes was higher than the traditional
EDM (MRR ratio >1). In this case, the effect of applying
ultrasonic vibration on MRR ratio was more than adding
Nanopowders into dielectric and the combination of these
hybrid processes had the greatest influence on MRR ratio
increase.

& Applying ultrasonic vibration increased surface roughness
of machined specimens; the lowest surface roughness
among the mentioned hybrid processes belonged to
PMEDM process.

& The traditional EDM process developed wider and greater
cracks on machined surface; in ultrasonic-assisted and
nanopowder-mixed dielectric processes, the length and
the width of cracks had been decreased. Surface quality
in terms of surface cracks was very favorable in PM-
USEDM process.

& The altered metal zone of traditional EDM was very
deeper than the other processes. In PMEDM and
USEDM processes, the depth of altered zone was reduced
significantly. There was a little difference between altered
metal zone of PMEDM and USEDM processes. The thin-
nest altered metal zone belonged to PM-USEDM process.

& Residual stress curves of USEDM and PM-USEDM pro-
cesses were resembled to each other, and residual stress
curves of EDM and PMEDM processes were very similar.
In all processes, residual stress initial value was a certain
amount that its value was maximized by increasing its
depth. Then, it was decreased rapidly and was changed
to compressive residual stress and finally was settled to
zero value. The first and maximum point of residual stress
curve and the depth, in which the residual stress converted
to compressive state, were different in various hybrid pro-
cesses and machining setting.

& Near surface residual stress of ultrasonic-assisted process
was greater than the others, but the maximum amount of
this was lower, as well, in smaller depth, this stress was
changed to compressive state. The results also confirmed
that the compressive stresses of this were smaller (without
considering the sign of them).
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