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Abstract. Present work attempts to investigate machinability of Ti-5Al-2.5Sn for Electro-Discharge
Machining (EDM). Extent of machinability is determined through material removal efﬁciency, tool wear
rate, and surface integrity of the EDMed specimen of Ti-5Al-2.5Sn. Detailed analysis of surface morphology
followed by study of surface topographical features including surface roughness, crack density, thickness of
the recast layer, foreign material migration, metallurgical phase, residual stress, and micro-indentation
hardness are carried out. Disappointing morphology is noticed for EDMed work surface at higher values of
peak current as well as pulse-on time values. It is experienced that occurrence of surface cracks depends on
recast layer thickness. As compared to ‘as received’ workpiece exhibiting compressive residual stresses,
tensile stresses are found induced after performing EDM operation. Similar phenomenon is experienced in
case of tool electrode. EDM operation improves microhardness of the machined surface. For Ti-5Al-2.5Sn,
such improvement is nearly three times than that of ‘as received’ work material. During EDM operation on
Ti-5Al-2.5Sn, titanium carbide is formed over tool as well as work surface. Formation of such hard carbides
may degrade machining efﬁciency.
Keywords. Ti-5Al-2.5Sn; Electro-discharge machining (EDM); surface integrity; crack density; recast layer;
residual stresses.

1. Introduction
Titanium (Ti) and Ti-alloys are extensively used for aerospace, and biomedical applications due to their excellent
properties such as high strength-to-weight ratio, high temperature stability, appreciable biocompatibility, and high
corrosion as well as wear resistance. In spite of increased
utility of titanium alloys, capability to produce parts with
high productivity, and superior quality becomes challenging. During conventional machining of Ti-alloys, following
problems may arise.
• While machining, cutting tool gets deformed due to
strength, and hot hardness of the workpiece.
• While machining (of titanium alloys), abrasive sawtooth edges are, often, formed due to its high dynamic
shear strength. These abrasive saw-tooth edges promote notching of cutting tools.
• During machining, machine tool chatter, and excessive
tool wear are incurred.
• Extremely high temperature is localized at tool-tip due
to poor thermal conductivity of the work material.

*For correspondence

• Due to generation of huge cutting temperature,
welding of cutting tool edge to workpiece takes
place. Thus, formation of ‘Built-Up-Edge’ (BUE)
deteriorates surface ﬁnish, and affects component
integrity.
• Reaction rate of Ti-alloys with tool materials (and,
binder) is high, especially, at elevated temperatures.
This results in accelerated tool wear.
Owing to aforesaid problems, it is indeed a great challenge to machine these alloys by conventional machining
processes that too by conventionally used cutting tools.
Therefore, non-traditional machining routes are being
attempted for processing of Ti-alloys in order to achieve
desired contour, and intricate geometry of the end product
with reasonably good dimensional accuracy. However, low
material removal rate, and inferior surface integrity need to
be compromised.
Since traditional machining process is unsuitable for
these ‘difﬁcult-to-cut’ alloys; non-conventional methods:
Electro-Discharge Machining (EDM), Wire Electro-Discharge Machining (WEDM) etc. are recommended for
overcoming various challenges faced by conventional
machining operations. Among all Ti-alloys, Ti-5Al-2.5Sn
(Grade 6 alloy) is very important due to its good fracture
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toughness, and ductility, down to cryogenic temperatures.
Ti-5Al-2.5Sn has high service temperature (* 480 C),
medium strength, superior weldability, and ease of fabrication. Excellent oxidation resistance, and micro-structural stability promote this alloy to be used in variety of
application ﬁelds like gas turbine parts, aerospace structural parts, and chemical processing equipment. The
prime usage of this alloy today is in the hydrogen side of
high pressure fuel turbo-pump of the space shuttle (Khan
et al 2015; 2017). Moreover, this alloy belongs to alphaTi-alloy, and exhibits excellent weldability. However,
rare attempt is made to investigate machining behavior of
Ti-5Al-2.5Sn work material. In the present work,
machinability of Ti-5Al-2.5Sn is investigated through
EDM process. Machinability is evaluated in purview of
material removal rate, tool wear rate, and surface integrity (morphology, and topography) of the machined work
part.

2. State-of-the-art
From the family of Ti-alloys, machinability of Ti-6Al-4V
(Grade 5 alloy) is extensively studied by previous
researchers, and well-documented in literature. This may be
due to ease of processing, and low cost of Ti-6Al-4V than
Ti-5Al-2.5Sn. Relevant papers addressing machining, and
machinability aspects of Ti-6Al-4V are cited below. It is
believed that outcome of the past research on Ti-6Al-4V
may be helpful in understanding machining response of Ti5Al-2.5Sn. Though both the alloys belong to the category
of Ti-alloy but Ti-5Al-2.5Sn is alpha alloy whilst the
counterpart is called alpha-beta alloy.
Chen et al [1] examine suitability of distilled water
rather than kerosene (as dielectric media) in purview of
material removal efﬁciency, and relative electrode wear
ratio during EDM of Ti-6Al-4V. Yan et al [2] study
EDM performance of pure titanium using urea mixed
distilled water as dielectric media. Hasçalık and Çaydas
[3] experience increased surface hardness due to formation of Ti24C15 carbides on EDMed Ti-6Al-4V. Kao
et al [4] determine an optimal parameters setting for
EDM of Ti-6Al-4V. Yilmaz and Okka [5] obtain higher
material removal efﬁciency, and lower electrode wear
ratio for EDM of Ti-6Al-4V using single-channeled
electrode. On the contrary, multi-channeled electrodes
produce better surface ﬁnish, and lower microhardness.
Gu et al [6] recommend use of bundled electrode (instead of solid die-sinking electrode) for better EDM
performance of Ti-6Al-4V. Tang and Du [7] evaluate an
appropriate process environment to achieve optimized
material removal efﬁciency, electrode wear rate, and
surface roughness for EDM of Ti-6Al-4V. Wang et al
[8] analyze characteristics of dielectric media (electrical
conductivity, oxidation afﬁnity, and viscosity), and their
inﬂuences on EDM performance of titanium alloy.
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Shabgard and Alenabi [9] obtain improved material
removal efﬁciency by incorporating tool vibration with
ultrasonic frequency during EDM of Ti-6Al-4V. Tiwary
et al [10] examine effects of EDM parameters on
material removal rate, tool wear rate, overcut, and taper
during micro-EDM of Ti-6Al-4V. Shen et al [11] apply
grey relational theory to optimize power consumption,
and material removal rate for dry-EDM (milling) of Ti6Al-4V using a tubular graphite electrode. Tsai et al
[12] report signiﬁcant improvement in material removal
rate (when compared to traditional EDM) for vibrationassisted EDM of Ti-6Al-4V. Liang et al [13] study
effects of pulse current, and pulse-on duration on EDM
performance features of Ti-6Al-4V.
Aforesaid section articulates aspects of machining of Ti6Al-4V. As compared to Ti-6Al-4V, literature is found tiny
dispersed to assess machining response of Ti-5Al-2.5Sn
work alloy. Only a few group of researchers attempt on
analyzing EDM response of Ti-5Al-2.5Sn. However, those
authors mainly emphasize on surface roughness, and tool
wear rate, as machining performance indicators. Aspects of
surface integrity are reported to some extent; however,
quantitative evaluation of surface topographical features is
still lacking.
Khan et al [14] investigate on surface ﬁnish of EDMed
Ti-5Al-2.5Sn. Increment in peak current, and pulse-on
duration cause degraded surface ﬁnish of the end product.
On the contrary, better surface ﬁnish is noticed with
increased servo voltage. Electrode material also contributes
towards surface roughness. Cu-W electrode with low discharge energy is recommended to achieve superior
machined surface ﬁnish. During EDM of Ti-5Al-2.5Sn,
Khan and Rahman [15] experience that copper electrode
produces superior surface ﬁnish whilst very disappointing
surface characteristics are obtained using graphite electrode. Kumar et al [16] notice signiﬁcant improvement in
machinability (in terms of material removal efﬁciency,
surface ﬁnish, electrode wear, and microhardness) during
EDM of Ti-5Al-2.5Sn due to application of deep cryogenically treated work material. It is reported that current,
and pulse-on time impose positive inﬂuence on material
removal rate, and microhardness. Signiﬁcant carbon
migration onto machined surface (during breakdown of
hydrocarbon dielectric) also contributes towards alteration
of surface properties.
Present work attempts to investigate machining performance, and surface integrity of EDMed Ti-5Al-2.5Sn work
alloy. Machining performance is evaluated in purview of
material removal rate, tool wear rate, and machined surface
integrity (morphology, and topography). Topographical
features of the machined surface include surface roughness,
crack density, recast layer thickness, element transfer,
metallurgical details, residual stress, and microhardness.
Additionally, phenomenon of tool wear is studied, in detail,
associated with its inﬂuence on EDM performance of Ti5Al-2.5Sn.
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3. Material and methods

Table 2. Properties of Ti-5Al-2.5Sn.

EDM experiments are conducted on Ti-5Al-2.5Sn
workpiece (circular plate with dimensionu75  5 mm3.
A representative snapshot of EDM setup is provided in
‘‘Appendix’’ (ﬁgure 29). From ‘as received’ round bar,
required dimension of the workpiece is cut by WEDM
machine. The WEDM-cut circular plate is ﬂattened using
abrasive polishing machine. Chemical composition, and
salient properties of Ti-5Al-2.5Sn are provided in
tables 1 and 2, respectively. During EDM, commercially
available copper (* 99% pure) is taken as electrode
material. Required dimensions of electrode are: u12  45
mm3 for machining purpose; and u10  55 mm3 for
griping purpose. Aforesaid stepped-tool electrode is
prepared by CNC turning machine. Table 3 depicts
properties of copper tool electrode. Experiments are
performed on Die-Sinking Electro-Discharge Machine
with commercially available kerosene, as dielectric
media. Salient properties of kerosene are: density: 0.81
g/cc, kinematic viscosity: 2.71 cst, ﬂash point: 38 C,
and dielectric constant: 1.8.
Experiments are performed by varying two process
parameters such as peak discharge current, and pulse-on
time. Throughout experimentation, positive polarity
(workpiece is taken as anode, and tool as cathode) is
maintained. Five experiments are conducted using varying
peak discharge current: 10 A, 20 A, 30 A, 40 A, and 50 A,
keeping pulse-on time constant (Ton = 200 ls). Another
ﬁve experiments are then conducted with varied pulse-on
time: 50 ls, 100 ls, 200 ls, 500 ls, and 1000 ls, keeping
constant peak discharge current (Ip = 30 A).
During EDM process, several process parameters (electrical, and non-electrical parameters) such as peak current,
pulse-on time, pulse-off time, duty factor, polarity, and
ﬂushing pressure etc. inﬂuence machining responses. Each
process parameter has its own effect on machining output.
Amongst these, peak current, and pulse-on time are known
to be the most signiﬁcant factors on inﬂuencing machining
characteristics. Reason behind is: these parameters are
directly related to spark energy/ intensity of spark.

Property
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Unit

Density
Modulus of elasticity
Thermal expansion (20 C)
Speciﬁc heat capacity
Thermal conductivity
Electric resistivity
Tensile strength
Yield strength
Elongation
Hardness
Melting temperature
Beta Transus temperature

3

kg/m
GPa
C-1
J/(kg K)
W/(m K)
Ohm m
MPa
MPa
%
HRC
C
C

Value
4.48 9103
117
9.4910-6
530
7.8
160910-8
862
807
16
34
1600
1038

Source: http://www.substech.com/dokuwiki/doku.php?id=titanium_alpha_
alloy_grade_6_Ti-5Al-2.5Sn.

Table 3. Properties of copper.
Property

Value

Density @20 C
Speciﬁc gravity
Melting point
Boiling point
Thermal conductivity @ 27 C

8960 kg m-3
8.96
1083.4 C
2567 C
398 W/m K

Therefore, in the present work, peak current, and pulse-on
time are considered as process variables.
Remaining process factors such as gap voltage, duty
factor, dielectric circulation ﬂushing pressure, and
machining time etc. are kept as constant (table 4). Each
experiment is performed for 15 min machining duration,
and then, stopped by observing the stopwatch. Snapshots of
the machined surfaces of Ti-5Al-2.5Sn are provided in
ﬁgure 1. After performing each experiment, initial, and
ﬁnal mass of workpiece as well as electrode are measured
with help of digital electronic weighing balance. By

Table 1. Chemical composition of Ti-5Al-2.5Sn.
Element

Weight [%]

Ti
Al
Sn
Fe
O
C
N
H

89.85–94
4–6
2–3
B 0.50
B 0.20
B 0.10
B 0.030
B 0.015

Table 4. Process factors kept at constant values.
Sl. no.
1
2
3
4
5

Parameter
Voltage [V]
Flushing pressure [kg/cm2]
Polarity
Duty factor [%]
Machining time [min]

Value
60
1.5
Positive (?)
50
15
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Figure 1. EDMed specimen.

considering mass loss criteria, Material Removal Rate
(MRR), and Tool Wear Rate (TWR) are computed.
Material removal rate is deﬁned as the volume of
workpiece material removed per unit machining time,
generally measured in [mm3/min]. In another words, it is
the volumetric material removal rate, used to calculate the
time required to remove the speciﬁed quantity of material from the workpiece, during the machining process. It
can be expressed as:


M1  M2 mm3
MRR ¼
ð1Þ
q  tm
min
here, M1 ¼ Mass of the workpiece before EDM operation, in
[g]; M2 ¼ Mass of the workpiece after EDM operation, in [g];
q ¼ Density of work material, in [g/mm3]; tm ¼ Machining
time, in [min].
Tool wear rate is deﬁned as the loss of volume of
electrode material per unit machining time. Generally,
the value of TWR depends on tool material properties,
and the discharge energy supplied during EDM. It can
be expressed as:


Mt1  Mt2 mm3
TWR ¼
ð2Þ
qt  tm
min
here, Mt1 ¼ Mass of the tool before EDM operation, in [g];
Mt2 ¼ Mass of the tool after EDM operation, in [g];
qt ¼ Density of tool material, in [g/mm3]; tm ¼ Machining
time, in [min].
After completing EDM experiments, it is found difﬁcult
to view surface cracks of the whole sample due to space
restriction to accommodate samples in the scanning electron microscope. This problem is overcome by cutting each
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EDMed sample into thin slices using WEDM machine. It is
obvious that cutting the samples (for EDM observation)
may distort morphology of the sample. This, in turn, is
likely to induce residual stresses to the machined surface.
However, it is to be noted that WEDM operation is performed at the lowest available parametric values. Therefore, it can be assumed that effects of EDM are not
superseded by WEDM.
Sliced EDMed specimens are analyzed through scanning
electron microscopy (JEOL, JSM 6480 LV, Japan). For an
individual specimen, micrographs are taken at three distinct
locations; and corresponding micrograph’s total crack
length is calculated through PDF-XChange Viewer software. From this, Surface Crack Density (SCD) value of
corresponding micrograph is evaluated upon dividing total
crack length by total micrograph area. For a particular
specimen, relative (or average) SCD value is obtained by
taking average of all SCD values of corresponding sample’s
micrographs, taken at three distinct locations. A sample
calculation for SCD measurement is furnished in ‘‘Appendix’’ (ﬁgure 30).
In order to visualize Recast Layer (RL), developed at
the EDMed surface, properly polished, and subsequently
etched samples are thereafter loaded in the scanning
electron microscope in such a way that focus is made
onto the cross section of the specimen which is polished
as well as etched. For each specimen, micrographs are
taken at three distinct locations. Micrographs are analyzed through ImageJ software for measurement of recast
layer thickness. Using ImageJ software, area of the recast
layer is measured for each micrograph; this area is then
divided by the length of micrograph. This provides the
RLT value for the particular micrograph. Average of
RLT values, obtained from aforesaid three micrographs,
is considered as representative RLT (relative or average
RLT) for that particular specimen. A model computation
for measurement of RLT is also provided in ‘‘Appendix’’
(ﬁgure 31).
Elemental analysis is carried out under scanning electron
microscope to obtain chemical composition of the
machined surface. Phase analysis, and residual stress
measurements are performed through X-ray Diffraction
(XRD) microscope (D8 ADVANCE with DAVINCI
design, BRUKER, Germany). XRD peak patterns are
obtained using scan angle 108/s (degree per minute), and
step size 0.2. Target material is Co-Ka. Microhardness tests
are carried out in Vicker’s microhardness tester using 25 gf
load, and constant dwell time of 10 s.

4. Results and discussion
The microstructure of ‘as received’ Ti-5Al-2.5Sn as
observed through optical microscopy is provided in
ﬁgure 2. Grains of high aspect ratio are observed there.
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Figure 2. Microstructure of ‘as received’ Ti-5Al-2.5Sn obtained
through optical microscopy.

Major portion is occupied by aphase (bright in color).
Additionally, b phase is detected at grain boundaries.
EDS analysis reveals that b phase is enriched with Fe.
Similar observation is reported by Yuri et al [17].
Optical micrographs, exhibiting crater morphology of
the machined surface of Ti-5Al-2.5Sn, obtained at
varied peak current, and pulse-on duration are provided
in ﬁgures 3 and ﬁgure 4, respectively. Since, increase
in peak current, and pulse-on duration results in
intense energy input. Therefore, craters of deeper and
wider dimension are attributed to the machined surface.
It is also noticed that peak current, and pulse-on
duration inﬂuence differently on dimension, and distribution of craters. Study of crater morphology is very
important because crater dimensions signiﬁcantly affect
surface roughness value. Therefore, increased energy
input, in turn, may deteriorate surface ﬁnish. However,
ﬁgures 3 and 4 present optical micrographs to exhibit a
rough (qualitative) comparison on effects of peak
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current, and pulse-on duration on crater morphology of
the EDMed specimen. More in-depth analysis on
quantitative distribution of craters, and crater dimension (average diameter/ depth) may be attempted for
better understanding of EDMed surface morphology.
Machined surface of Ti-5Al-2.5Sn exhibits poor surface
morphology characterized by crater, globules of debris,
melted material deposition, pock marks, cracks, and recast
layer (ﬁgures 5, 6). As explained by Rajurkar and Pandit
[18]; Soni [19], during EDM process, molten debris that are
formed due to occurrence of discharge sparks, are ﬂushed
away by the dielectric media. Quality of electric discharge,
and hence, rate of material removal depend on size, and
distribution of debris. In the present work, debris is found
randomly distributed over the machined surface. Debris is
categorized as scattered debris, dendritic-structured,
deposited-debris over surface cracks, layer-wise deposition
of molten debris forming onion-rings (ﬁgures 5a–f). Size
and distribution of debris have signiﬁcant impact on
machined surface integrity.
During spark discharge, some portion of the workpiece gets melted. Erosion of work material takes place
due to bombardment of high velocity electrons at the
work surface. Debris (in molten form) is ﬂushed away
by the dielectric media. Insufﬁcient ﬂushing may cause
re-solidiﬁcation of debris over the machined surface
which ﬁnally forms recast layer. Beneath the recast
layer, a tempered zone appears. This is called Heat
Affected Zone (HAZ), as indicated in ﬁgure 6. During
solidiﬁcation, release of entrapped gases, often, creates
pockmarks (or chimneys). Surface cracking takes place
due to combined effect of residual stresses, and
induced thermal stresses. Thermal stress is generated
when bubbles of molten material expels over the work
surface. When induced stress exceeds ultimate tensile
strength of the surface, cracks initiate. Sometimes,
cracks tend to propagate through recast layer depth;

Figure 3. Optical microscopic images exhibiting difference in crater morphology at (a) low peak current and (b) High peak current
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Figure 4. Optical microscopic images exhibiting difference in crater morphology at (a) low pulse-on time and (b) high pulse-on time.

and, in extreme condition, reach HAZ, and bulk of the
workpiece.
Critical observation on optical micrographs, exhibiting
recast layer, reveals structural differences in few specimens. The structure of the recast layer represents dendritic type, as shown in ﬁgure 7a. On the other hand,
below the recast layer ‘delta type’ structure is observed
(ﬁgure 7b). Columnar, and agglomerated types of structure are also detected, as shown in ﬁgure 7c and d,
respectively.
Effects of peak current, and pulse-on time on material
removal efﬁciency are depicted in ﬁgure 8a and b,
respectively. Under identical pulse-on time, relative
increase in peak current, in turn, enhances discharge
energy, and impulsive force, causing higher degree of
material erosion. Hence, increased MRR is obtained. Discharge energy depends on discharge voltage, peak current,
and pulse-on time. During spark discharge, expansion, and
shrinkage motions of a bubble generated in the gap cause
impulsive force [20]. Increased discharge energy promotes
huge impulsive force to repel debris from the crater to the
dielectric media [2].
Similar trend of MRR is obtained with increased pulseon time. However, at higher pulse-on time (Ton * 1000
ls); deposition of thick carbide layer over the machined
surface reduces mass difference of workpiece before, and
after machining. Therefore, effective MRR value is found
decreased to some extent.
During EDM operation, discharge energy melts not only
a portion of the work material but also the tool electrode.
This phenomenon is known as tool wear. Melting of tool
material results signiﬁcant mass loss (tool material consumption) during operation. The rate of tool material consumed per unit time is deﬁned as tool wear. Increasing peak
current results in increased energy input. Therefore, the

amount of melting of tool material is high. This results in
increased tool wear rate (ﬁgure 8c).
Similar trend of TWR is obtained when pulse-on
time is increased from 50 ls to 200 ls (ﬁgure 8d).
However, beyond Ton * 200 ls, the tool experiences
signiﬁcant deposition of carbide layer at the bottom
surface as well as at the edge. This, in turn, reduces
the calculated value of tool material consumption
(wear out tool material). As a result, tool wear rate is
found decreased to some extent.
When kerosene is used as dielectric media, carbon
adheres to the electrode-tip as well as work surface, and
forms carbide. The type of carbide that can be formed in an
alloy depends on the activity of C. It is reported that a
transition carbide forms ﬁrst, followed by formation of
stable carbide due to difﬁculties in the kinetics of
stable carbide nucleation. During EDM operation, spark
discharge causes pyrolysis of dielectric media which generates free carbon atoms. Carbon atoms, having high activation energy, reacts with titanium workpiece which is at
semi-molten state. This causes formation of titanium carbides. Higher melting temperature of carbides cause
unstable impulsive force of discharge; thus, material
removal efﬁciency is reduced. Expansion of plasma channel takes place with increased pulse-on time. Discharge
spots experiences decreased energy density [21, 22].
Therefore, TWR is reduced with increase in pulse-on time.
EDM process generates craters at the work surface due to
spark discharge. Therefore, surface roughness depends on
the size of spark crater. Intense discharge energy promotes
riotous sparks, and extreme impulsive forces, resulting high
degree of erosion, and consequently, formation of large
crater. Subsequent cooling process, after divulging the
molten material, causes residues to adhere at the crater
periphery to form a rough surface.
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Figure 5. Morphology of the EDMed surface.

Increased discharge energy, with increasing peak
current, and pulse-on time, results in increased surface
roughness, as shown in ﬁgure 8e and f, respectively. At
higher energy input, deeper, and wider craters are formed
which result in deterioration of machined surface ﬁnish.
On the contrary, at lower energy input, small, and shallow craters are generated. Therefore, at low energy input,
surface ﬁnish appears to somewhat better than the case of
higher energy input. Variation of machined surface
roughness with varied peak current/ pulse-on duration

can be correlated with crater morphology of the EDMed
surface (ﬁgures 3, 4).
Since, spark energy is directly proportional to peak
current as well as pulse-on time, increased energy
input (with increasing peak current, and pulse-on time)
results in evolution of huge thermal stresses at the
machined surface. Cracking takes place when induced
thermal stresses exceed ultimate tensile strength of the
machined surface. Severity of surface cracking is
determined by the parameter called surface crack
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Figure 6. Recast layer, and HAZ as observed in cross section of
EDMed specimen.

density. Surface crack density is the total length of the
cracks on the machined surface, divided by the entire
surface area. It is observed that with increased energy
input, frequency of surface cracking gets increased.
Therefore, on an average, crack density assumes an

increasing trend with increasing peak current, and
pulse-on duration, as shown in ﬁgure 9a and b,
respectively. Often, crack density is inﬂuenced by the
rate of surface cracking as well as the rate of growth
of recast layer. Uneven deposition of recast layer over
the machined surface may also affect crack density
value. When frequency of surface cracking appears
relatively less as compared to the growth rate of recast
layer, surface crack density value is decreased. That is
why, decrease in surface crack density at Ip * 50 A in
ﬁgure 9a, and at Ton * 500 ls in ﬁgure 9b are
obtained. From ﬁgure 10, it is observed that crack
density increases from 0.0111 lm/lm2 to 0.016 lm/
lm2 for increase in peak current from 10 A to 30 A.
Moreover, severe crack of higher crack opening width
is observed at Ip = 30 A. For identical peak current,
increase in pulse-on time from 50 ls to 200 ls also
results in increased crack density from 0.006 lm/lm2
to 0.0142 lm/lm2 (ﬁgure 11).
According to Theisen and Schuermann [23], periodic
heating, and cooling of the surface result in rapid increase
of yield stress. Plastically deformed areas, originated due to
heating, fail to ﬂow back. Hence, tensile stresses build up

Figure 7. Characteristics of recast layer developed at the EDMed surface.
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Figure 8. Parametric effect on MRR, TWR, and Ra.

parallel to the surface which results in crack propagation
normal to the surface. Hasçalık and Çaydas [3] also report
that wider cracks are formed at high peak current, and
extended pulse-on time. Therefore, crack density increases
due to bigger free path.

As discussed by Puri and Bhattacharyya [24], the value
of surface crack density is somewhat related to the recast
layer thickness. Thicker the recast layer, lower is the crack
density. This is due to the fact that thicker recast layer
possesses bigger area than thinner recast layer. Moreover,
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Figure 9. Parametric effect on SCD, and RLT.

Figure 10. Effect of peak current on SCD.

presence of cracks in the recast layer adversely affects
fatigue performance of the end product.
During spark discharge, due to erosion of workpiece
surface, debris is generated. Debris particles are

cleared away due to the dielectric ﬂuid circulation
pressure. With increased energy input, the amount of
debris generated is high. Dielectric media becomes
increasingly inefﬁcient to ﬂush away entire debris from
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Figure 11. Effect of pulse-on time on SCD.

Figure 12. Micrographs exhibiting effect of peak current on RLT.

the machining zone. Remaining debris gets solidiﬁed
over the machined surface, forming recast layer. It is
observed that increased peak current results in
increased recast layer thickness (ﬁgure 9c). Micrographs of the recast layer (arranged in ﬁgure 12)
exhibit measured value of recast layer thickness with
respect to increase in peak current. It is experienced
that at constant pulse-on time (Ton * 200 ls),
increased peak current (10 A, 20 A, 30 A, 40 A, and
50 A) results in following recast layer thickness (RLT)
values of increasing order (33.96 lm, 41.38 lm, 51.77
lm, 65.28 lm and 99.52 lm).

The dependency of recast layer thickness on pulse-on
time is exhibited in ﬁgure 9d. With increasing pulse-on
time, it is observed that recast layer becomes progressively
thicker. Keeping peak current constant (Ip * 30 A),
increase in Ton (viz. 50 ls, 100 ls, 200 ls, 500 ls, and
1000 ls) yields the following recast layer thickness values
of increasing order: 17.06 lm, 24.23 lm, 56.11 lm, 68.77
lm, and 94.82 lm (ﬁgure 13). Lee et al [25] explain that
with increased pulse-on time, melting isothermals penetrate
into interior of the workpiece. This results in further
extension of the molten zone into material promoting formation of thicker recast layer.
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Figure 13. Micrographs exhibiting effect of pulse-on time on RLT.

Residual stresses are often found in body/ structure in
the absence of external loading or thermal gradients.
Combined action of residual stress, and externally
applied stress may cause premature failure of the part
component. Residual stress, present in a workpiece,
depends on techniques through which the material is
processed, and ﬁnally machined into desired size. Such
stresses are generated in non-homogeneous plastically
deformed region of the material matrix in which there is

signiﬁcant strain incompatibilities [26]. According to
Lloyd and Warren [27]; Ekmekci et al [28], for material,
possessing a characteristic yield point, residual stress
acts like a pre-stress state, and thereby, alters the yield
strength. Sharp temperature gradients followed by metallurgical transformations that occur during EDM process generate residual stress. Often, such residual stress
exceeds material’s yield point, and cause severe crystal
imperfections.

Figure 14. Parametric effect on residual stress.
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During EDM operation, due to bombardment of electrode discharge at the work surface, thermal stress is produced. In other words, thermal inﬂuence causes evolution
of tensile stress. The process induces intense heat at the
work surface which is partially melted, and evaporated.
During pulse-off duration, the upper layer cools down
rapidly. As a consequence, solidiﬁcation of molten material
takes place. During quenching, contraction of solidiﬁed
material results distortions of elastic lattice, and thus,
generates tensile stress [29].
In the present study, measurements of residual stresses
are performed as per sin2w method. It is found that increase
in peak current, and pulse-on duration results in increased
tensile residual stress (ﬁgure 14). ‘As received’ Ti-5Al2.5Sn corresponds to residual stress of compressive nature
(- 527.3 ± 39.2 MPa). However, tensile residual stress of
increasing magnitude is attributed to the EDMed surface:
29.1 ± 36.2 MPa, 89 ± 41.6 MPa, and 652.9 ± 153.6
MPa, corresponding to Ip = 10 A, 20 A, and 30 A,
respectively. On the other hand, when Ton is varied at
50 ls, 100 ls, and 200 ls, tensile residual stress values
obtained as: 196.2 ± 54.4 MPa, 224.1 ± 36.2 MPa, and
652.9 ± 153.6 MPa, respectively. The phenomena of evolution of residual stress within EDMed specimen can be
correlated with the extent of tool wear (carbon deposition)
as well as recast layer thickness.
Literature reveals that conductivity of tool electrode
plays important role towards formation of smooth plasma
channel. Electrodes, made of high conducting material, can
produce smooth, and uniform plasma channel; therefore,
machined surface experiences less amount of residual stress
[30]. Lee et al [25] report that residual stress, induced
during EDM hole drilling, is proportional to the thickness
of recast layer. Therefore, thick recast layer corresponds to
high magnitude of residual stress than a tiny recast layer.
Increased energy input, in turn, increases tool wear as well
as thickness of the recast layer. Often, tool wear takes place
due to deposition of carbides at the tool-tip. Such deposition of hard, and low conductive carbides adversely affects
formation of smooth plasma channel. Moreover, recast
layer thickness increases with increased spark energy.
Combined effects of these result in evolution of tensile
stress of higher magnitude. However, in the present work,
depth proﬁle of the residual stress is not examined. Rebelo
et al [31] and Kruth and Bleys [32] report that high tensile
residual stress is generated at the immediate surface which
reach the upper tensile strength of the material, and then,
abruptly falls to a lesser value or to zero, before developing
a small compressive stress in the interior of the bulk
material.
Results of EDS analysis, carried out at the machined
surface, are presented in ﬁgures 15, 16, and table 5.
Signiﬁcant carbon migration at the machined surface is
detected. This is due to pyrolysis of the dielectric media
(kerosene), resulting decomposition of hydrocarbon.
Carbon atoms, thus, migrated onto the machined surface,
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promote formation of carbides. EDS analysis also reveals
migration of copper onto the EDMed surface. This happens due to wear of the tool electrode. Since, copper is
used as tool electrode; spark energy also causes melting
of some portion of electrode. Molten copper may react
with carbon, forming layer of copper carbide onto the
machined surface.
As compared to Ti-5Al-2.5Sn ‘as received’ (XRD
spectra shown in ﬁgure 17), the XRD spectra of EDMed
surfaces obtained at varied peak current, and pulse-on
time are presented, and analysed in ﬁgures 18 and 19,
respectively. ‘As received’ Ti-5Al-2.5Sn consists of
hexagonal crystal system with peak pattern which can be
approximated to that of Ti (Reference code 05-0682).
Peaks are obtained for different planes in crystallographic directions: [100], [002], [101], [102], [110],
[103], [112], [201], [004], [002], and [104]. Variety of
carbides (TiC, Ti6C3.75, Ti5.73C3.72, and Ti8C5) is traced
at the machined surface (table 6). Carbide formation is
due to pyrolysis of dielectric media. Pyrolysis is deﬁned
as the conversion of a compound into smaller fragments
in the absence of air through the application of heat. In
the context of EDM, in presence of discharge spark,
dielectric media which is basically a long-chain hydrocarbon is broken into smaller-chains. The process liberates carbon atoms.
Trace of copper (either in free form or oxide form) is
obtained due to wear of tool electrode. Few oxides of
titanium and copper (TiO, Cu2O) are also found. Formation
of carbide over the machined surface (as well as tool
electrode) affects performance of the EDM operation.
According to Chow et al [33], deposition of TiC over the
machined surface reduces material removal rate, and electrode wear ratio. Furthermore, melting point of TiC
(* 3150 C) is more than Ti-5Al-2.5Sn (* 1590 C);
hence, huge discharge energy is indeed required to melt the
work material. Additionally, decomposition of kerosene
liberates carbon atoms which stick to the electrode due to
localized high temperature of machining. Discharge efﬁciency is reduced due to sticking of carbon at the electrodetip [1].
Microhardness depth proﬁle of the machined specimens
obtained at different peak current is furnished in ﬁgure 20a.
Indentations are made on the transverse-cut section of the
machined specimens, starting from recast layer, and proceeding towards recast layer depth, ﬁnally, interior of the
bulk material. All indentations are made approximately
equi-distance apart (distance between two successive places
for micro-indentations is 25 lm). Relatively high microhardness value is obtained in the recast layer. The value of
microhardness gradually reduces as depth is increased. It is
also observed that higher energy input results in higher
microhardness values. Maximum microhardness (1162.15
HV) is obtained at Ip = 50 A, Ton = 200 ls. Similar conclusion is made from ﬁgure 20b in which test specimens are
obtained using varied pulse-on duration. In this case,
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Figure 15. EDS spectra of the EDMed surfaces obtained at varied peak current, and constant pulse-on time.
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Figure 16. EDS spectra of the EDMed surfaces obtained at varied pulse-on time, and constant peak current.
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Table 5. Chemical composition of the EDMed surface as obtained through EDS analysis.
Parameters

1
2
3
4
5
6
7
8
9
10
Base material

Ip [A]

Ton [ls]

C

Al

Ti

10
20
30
40
50
30
30
30
30
30

200
200
200
200
200
50
100
200
500
1000

36.51
34.35
34.63
33.77
35.86
44.48
55.39
34.63
47.19
35.11
9.42

0.88
0.65
1.67
0.93
0.94
1.36
2.12
1.67
1.33
1.88
6.80

59.25
48.99
43.21
55.35
48.75
47.15
37.53
43.21
18.45
45.58
83.38

Cu

Sn

2.50
15.18
18.54
9.27
13.75
–
–
18.54
30.53
14.85
–

Fe

0.85
0.62
1.37
0.69
0.49
7.0
3.07
1.37
1.61
1.54
0.40

–
0.21
0.57
–
0.21
–
1.88
0.57
0.90
1.04
–

Total [%]
100
100
100
100
100
100
100
100
100
100
100
100

[101]

Sl. no.

EDS data: elements: weight [%]

700
600

[104]

[202]

[112]
[201]
[004]

100

[103]

[110]

200

[102]

300

[002]

400

[100]

Intensity

500

0
40

60

80

100

120

Pos. [°2Th.]
Figure 17. XRD spectra of ‘as received’ Ti-5Al-2.5Sn.

maximum microhardness (1186 HV) is obtained at Ip = 30
A, Ton = 1000 ls.
A Critical analysis on the microhardness depth proﬁle,
drawn for the specimens obtained at varied peak current
as well as pulse-on time, is presented in ﬁgures 21 and
22, respectively. From ﬁgure 21, it is observed that at

low energy input (Ip * 30 A, Ton * 200 ls), recast
layer thickness is relatively less (RLT * 56.11 lm) than
the case of high energy input (Ip * 50 A, Ton * 200
ls); corresponding RLT is * 88.2 lm. At low energy
input, the average microhardness remains approximately
constant up to the extent of recast layer depth, and then,
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Figure 18. XRD spectra of EDMed surfaces obtained at varied peak current, and constant pulse-on time.

Figure 19. XRD spectra of EDMed surfaces obtained at varied pulse-on time, and constant peak current.

238

Page 18 of 26

Sådhanå (2020)45:238

Table 6. Phase analysis of the EDMed surface.
Sl. no.
1
2
3
4
5
6
7

Symbol
a
b
c
d
s
p
f

PDF Index name
Titanium
Titanium
Titanium
Titanium
Titanium
Copper
Cuprite

carbide
carbide
carbide
carbide
oxide

Reference code
06-0614
79-0971
77-1089
72-2496
29-1361
04-0836
01-1142

Chemical formula
TiC
Ti6C3.75
Ti5.73C3.72
Ti8C5
TiO
Cu
Cu2O

Figure 20. Microhardness depth proﬁle: Indentations made on specimens obtained at varied (a) peak current and (b) pulse-on time.

Figure 21. Microhardness depth proﬁle exhibiting correlation between RLT and MH (specimens obtained at varied peak current).

it gradually decreases with the distance. On the other
hand, at high energy input, microhardness exhibits
gradually decreasing trend, as distance is increased.

Moreover, microhardness values, obtained in case of
higher energy input, appear relatively high than lower
energy input.
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Figure 22. Microhardness depth proﬁle exhibiting correlation between RLT and MH (specimens obtained at varied pulse-on time).

Figure 23. Optical microscopic image showing places of indentation for microhardness measurement.

From ﬁgure 22, it is observed that, at low energy input
(Ip * 30 A, Ton * 50 ls); recast layer is very tiny
(RLT * 19.22 lm). Within recast layer, microhardness
gets decreased abruptly, and then, assumes approximately
constant value beyond the recast layer. At medium energy
input (Ip * 30 A, Ton * 200 ls), constant microhardness
is found up to the extent of recast layer depth (RLT *
56.11 lm); then it gradually decreases with increase in
distance. Finally, at high energy input (Ip * 30 A,
Ton * 1000 ls), microhardness gradually decreases up to
the extent of recast layer; and, same trend remains beyond
the recast layer. Moreover, it is observed that higher energy
input attributes to higher microhardness value, within recast

layer. Relatively higher microhardness, obtained in recast
layer, is due to deposition of hard carbide over the
machined surface. Figure 23 exhibits places of indentations, made during microhardness test. It is observed that as
depth is increased, starting from edge of recast layer,
covering recast layer depth, and proceeding towards base
material; the size of indentations is gradually increased.
This clearly indicates that microhardness gradually
decreases as depth is increased. Formation of carbides in
high volume fraction over the machined surface results in
recast layer hardness, which is signiﬁcantly higher than
bulk material (* 349 HV).
Results of EDS line scan are also presented in ﬁgure 24.
Here, (elemental distribution pattern), abscissa represents
distance/depth (in micron), and ordinate indicates x-ray
intensity. Formation of hardened layer up to certain depth
(few microns) is conﬁrmed from the distribution pattern of
carbon. Copper is detected due to electrode wear.
Parametric effects on microhardness are presented in
ﬁgure 25. All indentations are made approximately at middepth of the recast layer, measured from the top of the
machined surface. No speciﬁc trend is retrieved with
increase in parametric values. However, there exists an
average increasing trend with increase in pulse energy.
Apparent discrepancy in the measured valued may be due
to variation of recast layer thickness, non-uniform deposition of recast layer, and uneven distribution of carbides
within recast layer. Dendritic grain structure, and presence
of cracks within recast layer may also inﬂuence microhardness values. Faceted structure of dendrites within recast
layer contributes towards increase in microhardness. At
constant pulse-on time (Ton * 200 ls), increase in Ip
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Figure 24. Results of EDS line scan.

Figure 25. Parametric effect on microhardness (taken approximately at mid-depth of recast layer).

from 10 A to 50 A yields average microhardness values,
falling in the range (from 643.4 HV to 916.07 HV). On the
other hand, for identical peak current (Ip * 30 A), increase
in pulse-on duration, from 50 ls to 1000 ls, reveals average microhardness values which belong to the range in
between 643.4 HV and 1072.23 HV. Hence, Ton appears to
be more signiﬁcant on inﬂuencing microhardness than Ip.

Apart from machined surface, the bottom surface of
worn-out tool electrode, after EDM operation is also studied through scanning electron microscopy (ﬁgure 26).
Thick, and blackish layer of carbide is found deposited at
bottom as well as edge of tool electrode. Low conductive
carbide layers, deposited on tool-tip, restricts heat transfer
through bulk of the tool material. Perhaps, the said carbide
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Figure 26. Micrograph exhibiting wear morphology of electrode bottom surface after EDM operation at Ip = 30 A, Ton = 1000 ls.

Figure 27. EDS spectra revealing chemical composition of worn-out electrode bottom surface as compared to ‘as received’ electrode:
(a) ‘as received’ copper and (b) electrode bottom surface after EDM operation.

238

Page 22 of 26

Sådhanå (2020)45:238

Figure 28. XRD analysis for ‘as received’ copper, and worn-out electrode bottom surface after EDM operation.

Table 7. Phase analysis of ‘as received’ Cu, and worn-out electrode-tip (bottom surface) after EDM operation.
Sl. no.
1
2

Symbol
#
@

PDF Index name
Copper
Titanium carbide

layer acts as barrier for heat conduction. Thus, tool-tip
experiences huge thermal stress which results in occurrence
of cracks on the carbide layer. Occurrence of such cracks is
due to alteration of residual stresses inﬂuenced by the
thermo-mechanical effect of the EDM process. ‘As
received’ electrode material has compressive residual stress
(- 345.3 ± 25.8 MPa); whilst, worn-out electrode tip
corresponds to tensile residual stress of magnitude
122.0 ± 12.0 MPa after EDM operation at Ip = 30 A,
Ton = 1000 ls. EDS analysis, performed on the worn-out
electrode-tip, also conﬁrms signiﬁcant carbon deposition
caused by pyrolysis of dielectric media (ﬁgure 27). Moreover, XRD analysis, carried out at the worn-out tool-tip,
traces deposition of Titanium Carbide (TiC) at the electrode-tip (ﬁgure 28 and table 7). Detection of TiC peaks
can further be understood from ‘‘Appendix’’: ﬁgures 32 and
33.

5. Conclusions
1) EDMed surface of Ti-5Al-2.5Sn is characterised by
disappointing
surface
morphology
which
is

Reference code
01-1241
73-0472

Chemical formula
Cu
TiC

characterized by distributed debris, trace of discharge
crater, uneven deposition of melted material, pockmarks,
surface cracks, and recast layer. In between recast layer,
and bulk parent material, a tempered zone (HAZ) is
obtained. Recast layer is found consisted of dendritic
microstructure.
2) Increased peak current/pulse-on time results in
increased material removal rate. Maximum MRR is
obtained 4.84 mm3/min at Ip = 50 A, Ton = 200 ls.
Tool wear increases with increase in peak current.
Maximum TWR obtained is 41.4 mm3/min at Ip = 50
A, Ton = 200 ls, after machining duration 15 min.
However, with higher pulse-on duration, deposition of
carbide at the electrode-tip reduces material removal
rate.
3) Increased discharge energy promotes formation of
large, and deep craters which deteriorate surface
ﬁnish. For identical pulse-on duration (Ton = 200 ls),
increased peak current results in roughness (Ra) values
is between 6.5 lm and 10 lm. On the other hand, for
constant peak current (Ip = 30 A), increase in Ton
causes variation of surface roughness in the range
from 3.6 lm to 10.9 lm.

Sådhanå (2020)45:238
4) Surface crack density assumes an average increasing
trend with increase in discharge energy. However, value
of SCD, to some extent, depends on the recast layer
thickness. No obvious cracks are found crossing recast
layer depth, and penetrating towards base material.
5) Thickness of recast layer is found proportional to the
energy input. Higher peak current/ pulse-on duration
causes formation of thicker recast layer. For constant
pulse-on duration (Ton = 200 ls), increased peak discharge current promotes formation of increasingly
thicker recast layer; thickness of which varied in the
range from 35.44 lm to 92.9 lm. Moreover, increase in
Ton at constant peak current (Ip = 30 A), causes recast
layer thickness falling in between 16.33 lm, and
95.54 lm.
6) Tensile residual stress is attributed to the EDMed
surface; magnitude of which is found varying with
increase in peak current/ pulse-on duration. The magnitude of residual stress has strong correlation with recast
layer thickness as well as amount of carbide deposition
at the electrode-tip. For specimens tested, maximum
tensile residual stress (652.9 ± 153.6 MPa) is obtained
at Ip = 30 A, Ton = 200 ls in contrast to the compressive residual stress of ‘as received’ base material
(- 527.3 ± 39.2 MPa).
7) Signiﬁcant carbon migration is incurred at the machined
surface during pyrolysis of dielectric media. Migration
of copper atoms also takes place due to wear of the tool
electrode.
8) Carbon enrichment at the EDMed surface promotes
formation of carbides (TiC, Ti6C3.75, Ti5.73C3.72, and
Ti8C5). This, in turn, increases microhardness value. A
hardened layer is formed up to certain depth; afterwards,
the hardness decreases with increase in depth towards
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base material. Maximum microhardness (measured at
mid-depth of recast layer) is obtained as 1072.23 HV
which is remarkably high than bulk of the parent
material (MH * 349 HV).
9) Deposition of TiC is traced at the worn-out electrode tip.
Formation of such carbides alters characteristics of
plasma channel, and adversely affects EDM performance. Similar to work specimen, after EDM operation,
electrode-tip also experiences tensile residual stress
(* 122.0 ± 12.0 MPa) in contrast to ‘as received’
copper which retains residual stress of compressive
nature (- 345.3 ± 25.8 MPa). Cracks are also observed
at the worn-out electrode-tip; such cracks tend to
propagate over deposited carbide layer.

Appendix
See ﬁgures 29, 30, 31, 32, 33.

Figure 29. EDM set-up.
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Pn
Figure 30. Measurement of surface crack density. SCD ¼

i¼1

LB

Li

lm
¼ 0:6110
0:250:18 ¼ 0:01355 lm2
3

Figure 31. Measurement of recast layer thickness. RLT ¼ AL ¼ 8660:36
225 ¼ 33:96 lm
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Figure 32. XRD spectra of worn-out electrode-tip (bottom surface) exhibiting peaks machining with selected pattern (Cu 01-1241).

Figure 33. XRD spectra of worn-out electrode-tip (bottom surface) exhibiting peaks machining with selected pattern (TiC 73-0472).
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[3] Hasçalık A and Çaydas U 2007 Electrical discharge
machining of titanium alloy (Ti–6Al–4V). App. Surf. Sci.
253(22): 9007–9016
[4] Kao J Y, Tsao C C, Wang S S and Hsu C Y 2010
Optimization of the EDM parameters on machining Ti–6Al–
4V with multiple quality characteristics. Int. J. Adv. Manuf.
Technol. 47(1–4): 395–402
[5] Yilmaz O and Okka M A 2010 Effect of single and multichannel electrodes application on EDM fast hole drilling
performance. Int. J. Adv. Manuf. Technol. 51(1–4): 185–194
[6] Gu L, Li L, Zhao W and Rajurkar K P 2012 Electrical
discharge machining of Ti6Al4V with a bundled electrode.
Int. J. Mach. Tools Manuf. 53(1): 100–106
[7] Tang L and Du Y T 2014 Multi-objective optimization of green
electrical discharge machining Ti–6Al–4V in tap water via
grey-Taguchi method. Mater. Manuf. Process. 29(5): 507–513
[8] Wang X, Liu Z, Xue R, Tian Z and Huang Y 2014 Research on
the inﬂuence of dielectric characteristics on the EDM of
titanium alloy. Int. J. Adv. Manuf. Technol. 72(5–8): 979–987
[9] Shabgard M R and Alenabi H 2015 Ultrasonic assisted
electrical discharge machining of Ti–6Al–4V alloy. Mater.
Manuf. Process. 30(8): 991–1000
[10] Tiwary A P, Pradhan B B and Bhattacharyya B 2015 Study
on the inﬂuence of micro-EDM process parameters during
machining of Ti–6Al–4V superalloy. Int. J. Adv. Manuf.
Technol. 76(1–4): 151–160
[11] Shen Y, Liu Y, Dong H, Zhang K, Lv L, Zhang X, Zheng C
and Ji R 2017 Parameters optimization for sustainable
machining of Ti6Al4V using a novel high-speed dry
electrical discharge milling. Int. J. Adv. Manuf. Technol.
90(9–12): 2733–2740
[12] Tsai M Y, Fang C S and Yen M H 2018 Vibration-assisted
electrical discharge machining of grooves in a titanium alloy
(Ti–6A–4V). Int. J. Adv. Manuf. Technol. https://doi.org/10.
1007/s00170-018-1904-2
[13] Liang J F, Liao Y S, Kao J Y, Huang C H and Hsu C Y 2018
Study of the EDM performance to produce a stable process
and surface modiﬁcation. Int. J. Adv. Manuf. Technol.
95(5–8): 1743–1750
[14] Khan M A R, Rahman M M and Kadirgama K 2015 An
experimental investigation on surface ﬁnish in die-sinking
EDM of Ti-5Al-2.5Sn. Int. J. Adv. Manuf. Technol.
77(9–12): 1727–1740
[15] Khan M A R and Rahman M M 2017 Surface characteristics
of Ti-5Al-2.5Sn in electrical discharge machining using
negative polarity of electrode. Int. J. Adv. Manuf. Technol.
92(1–4): 1–13
[16] Kumar S, Batish A, Singh R and Singh T P 2017 Machining
performance of cryogenically treated Ti-5Al-2.5Sn titanium

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]
[33]

alloy in electric discharge machining: A comparative study.
IMechE Part C: J. Mech. Eng. Sci. 231(11): 2017–2024
Yuri T, Ono Y and Ogata T 2003 Effects of surface
roughness and notch on fatigue properties for Ti-5Al-2.5Sn
ELI alloy at cryogenic temperatures. Sci. Technol. Adv.
Mater. 4(4): 291–299
Rajurkar K P and Pandit S M 1986 Formation and ejection of
EDM debris. J. Eng. Industry 108(1): 22–269
Soni J S 1994 Microanalysis of debris formed during rotary
EDM of titanium alloy (Ti–6Al–4V) and die steel
(T215Cr12). Wear 177(1): 71–79
Tamura T and Kobayashi Y 2004 Measurement of impulsive
forces and crater formation in impulse discharge. J. Mater.
Proc. Technol. 149(1–3): 212–216
Patel M R, Barrufet M A, Eubank P T and DiBitonto D D
1989 Theoretical models of the electrical discharge machining process. II. The anode erosion model. J. Appl. Phys.
66(9): 4101–4111
Toren M, Zvirin Y and Winograd Y 1989 Melting and
evaporation phenomena during electrical erosion. J. Heat
Transf. 97(4): 576–581
Theisen W and Schuermann A 2004 Electro discharge
machining of nickel–titanium shape memory alloys. Mater.
Sci. Eng. A. 348(1–2): 200–204
Puri A B and Bhattacharyya B 2005 Modeling and analysis
of white layer depth in a wire-cut EDM process through
response surface methodology. Int. J. Adv. Manuf. Technol.
25(3–4): 301–307
Lee H T, Hsu F C and Tai T Y 2004 Study of surface
integrity using the small area EDM process with a
copper–tungsten electrode. Mater. Sci. Eng. A. 364(1–2):
346–356
Brinksmeier E, Konig W, Leskovar P, Peters J and Tonshoff
H K 1982 Residual stress measurement and causes in
machining process, Ann. CIRP. 31(2): 491–510
Lloyd H K and Warren R H 1965 Metallurgy of sparkmachined surfaces. J. Iron Steel Inst. 203(3): 238–247
Ekmekci B, Elkoca O, Tekkaya A E and Erden A 2005
Residual stress state and hardness depth in electric discharge
machining: de-ionized water as dielectric liquid. Mach. Sci.
Technol.: Int. J. 9(1): 39–61
Merklein M, Andreas K and Engel U 2011 Inﬂuence of
machining process on residual stresses in the surface of
cemented carbides. Proceedia Eng. 19: 252–257
Sidhu S S, Batish A and Kumar S 2013 Neural network–
based modeling to predict residual stresses during electric
discharge machining of Al/SiC metal matrix composites.
IMechE Part B: J. Eng. Manuf. 227(11): 1679–1692
Rebelo J C, Dias A M, Kremer D and Lebrun J L 1998
Inﬂuence of pulse energy on the surface integrity of
martensitic steels. J. Mater. Process. Tech. 84(1–3):
90–96
Kruth J P and Bleys P 2000 Measuring residual stress caused
by wire EDM of tool steel. Int. J. Electrical Mach. 5: 23–28
Chow H M, Yan B H and Huang F Y 1999 Micro slit
machining using electrodischarge machining with a modiﬁed
rotary disk electrode (RDE). J. Mater. Proc. Technol.
91(1–3): 161–166

