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Abstract

Intelligent alloys are revolutionizing industries with their remarkable properties. This explores the latest advancement in
SMA’s research, exploring their properties. We breakdown the impact of alloy composition, mechanism, and behaviors of
SMA’s. This article aims to investigate the various studies conducted on the processing of these alloys using electrical
discharge machining (EDM), as well as its associated methodologies.

This comprehensive review examines the intersection of EDM and SMA’s focusing on dielectric fluids, process optimization,
process and performance parameters. The paper summarizes the literature on the consequence of EDM effects on SMA’s
properties, exploring the role of dielectric fluids, Process parameters i.e, current intensity, pulse on, voltage, pause off etc. The
findings point to the significance of EDM parameter optimization for achieving desired material characteristics, surface
integrity, and machining efficiency. This review provides valuable insights for researchers and industries. Our analysis reveals
the vast potential of SMA’s in robotics, space, biomedical, automotive, and aerospace. Key findings and future research

directions are outlined.
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I. Introduction

In today's industrial landscape, SMAs have gained
significant traction within the medical field. Their
utilization spans across various medical applications like
eyeglass frames, orthopaedic implants, active catheters,
surgical stents, and orthodontic arch wires. SMAs boast
exceptional qualities, including excellent biocompatibility,
impressive corrosion resistance, rapid actuation response,
remarkable ductility, superb super plasticity, and high
specific strength [1,2]. EDM stands out as the preferred
machining method for cutting extremely tough materials,
operating based on the electro-thermal principle [3].An
unconventional methodology, thermal erosion, and wire
discharge machining techniques excel in machining hard
materials and crafting intricate profiles. These techniques
stand out for their ability to fabricate complex shapes in
tough materials [1]. This technique holds significant favor
within manufacturing sectors due to its capacity to create
precise and intricate forms from sturdy materials and
alloys while ensuring a superior surface finish [4]. One
more advantage in the context of EDM is its ability to
avoid residual stresses because of its non-contact nature.
This occurs because there's no physical interaction amid
the working specimen and the electrode, consequently
generating no machining forces [5].Electrical discharge
machining involves controlled electric spark discharges
between the tool and work piece, causing a thermal erosion
process. This leads to the work piece taking on the form of
the tool. The erosion is caused by electrical discharges
between the tool and the work piece, all without any
physical contact between the electrodes. For this process
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to work, it's essential that both the work piece and tool
exhibit electrical conductivity [6-7]. Within a dielectric
substance, commonly a liquid, spark discharge occurs
across gaps between the electrodes [8]. During EDM, the
work piece and electrode sit within a dielectric liquid.
Voltage is created within the narrow space between them,
leading to the creation of an ionized path. This results in
high-frequency electric discharges being produced
between the electrode and the work piece. [9]. Electric
sparks create incredibly hot temperatures, ranging between
6000 and 20,000 degrees Celsius. This extreme heat melts
or turns materials into vapour on both the tool and work
piece, taking material from the work piece [10]. As the
process concludes, the plasma temperature rapidly
decreases, and the work piece begins to cool. Waste
residues, formed by spark erosion, are flushed away as
debris by the dielectric medium [11].EDM is employed in
a wide range of industrial applications for precise
machining of conductive materials, particularly in
scenarios where conventional approaches struggle caused
by material hardness or intricate shapes. It's commonly
applied in the aerospace, automotive, medical device
manufacturing, and tooling industries focused on precision
component production like molds, dies, and prototypes.
EDM is favored for its ability to work with hardened
materials and create detailed shapes with high precision
[12-13].

The performance of electrical discharge machining relies

on several key parameters. These primarily include factors
like polarity, pulse duration, pulse frequency, duty factor,
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discharge current, electrode material, gap voltage, and the
dielectric fluid used. Adjusting and optimizing these
parameters are key to obtaining the desired machining
outcomes, including rate of material removal, accuracy,
surface quality, and overall efficiency of the process. [1, 3,
12,13]. The EDM process is extensively utilized to create
dies, molds, and intricate shapes for materials that are hard
or challenging to machine. EDM machining is broadly
applied in the biomedical, automotive, robotics, acrospace,
defense, and industries by virtue of its capacity to easily
cut through tough and rigid materials [1, 14-16].

2. A brief description of shape memory alloys

Arne O'lander was the first to discover SMA, which stands
for "smart alloy," in 1932, and Vernon was the first to
propose the term "shape memory" in 1941 [17]. It wasn't
until 1962 that the role of shape memory components was
acknowledged. A nickel-titanium alloy, sometimes called
nitinol (a combination of NiTi and the naval ordnance lab),
was the subject of Wang and Buehler's revelation
regarding the influence of shape memory in this material
[18]. SMAs are a type of metallic alloy that, when
subjected to a memorization process that involves two
transformation phases driven by temperature and magnetic
field, can maintain their physical form (shape and size).
This transformation is described by the term 'Shape
memory effect (SME). These materials show two separate
phase systems at various temperatures: a higher austenitic
phase and a lower martensitic phase [19].The process of
evolution in these materials is commonly known as shape
memory transition in phase regimes. The main cause of
this is the difference in Gibbs free energy between the
altered phases, which can be triggered by either stress or
temperature [20].

2.1 Characterization of shape memory alloys

The main factor preventing the use of NiTi SMAs,
according to Miyazaki et al. [21], is the shift in the stress-
strain curve with loading cycles. It was reported that
residual strains result from dislocations in the martensitic
phase, generating a stress field at the grain boundaries,
which reduces the external stress required to initiate the
transformation. [21].This was based on testing using 0.5
mm diameter (Ti50.5Ni) wire. The same authors
discovered that increasing the threshold critical stress for
slip—which can be done by annealing and aging
treatments—is required to stabilize the superelasticity. It
was discovered that the combination of these treatments
plus training was very effective in achieving this goal.
Several writers have argued for the advantages of cyclic
training [22—-24]. Based on a test of wires with a 2.46 mm
diameter, Auguet et al. [25] concluded that residual strain
in SMAs is caused by both a permanent and a recoverable

contribution when the wires deformed by more than §%.
Coupons extracted from the center and edge of hot-rolled
(Ti50.90Ni) bars with diameters of 25.4,12.7, and 6.35 mm
were tested by McCormick et al. [26]; additionally, a 12.7
and a 6.35 mm bar were tested. The authors found that a
decrease in residual strain is related to a reduction in the
diameter of the bar. A prior report had documented an
alternative trend [27].

2.2 Corrosion resistance

The biocompatibility of medical devices made of nitinol is
significantly influenced by its corrosion resistance, which
is important for a variety of medical applications. Because
it depends on surface treatments and environmental
factors, nickel-titanium alloys are susceptible to corrosion
[28]. Well-documented research has been done on how
changes in pH affect corrosion. Neutral pH conditions do
not cause corrosion for these alloys [29]. The surface
passivity condition is notable in nickel-titanium alloys.
However, the most significant fact to clarify general
processes of nitinol alloy's anti-corrosive properties is that
the human body presents incredibly challenging
conditions. This is explained by the existence of dissolved
oxygen, pH, and chloride variations (acid-base imbalance).
Furthermore, oxygen concentrations and pH values vary
significantly across the human body. Several studies have
shown that these alloys have lower corrosion resistance in
acidic conditions and chloride-exposed environments [30—
32]. It is widely known that as pH decreases, the corrosion
potential improves [33]. Furthermore, as the temperature
rises in the environment, the ability of surfaces to
repassivate decreases.

2.3 Fundamentals of Shape Memory Alloys

SMAs operate based on two key phenomena: the shape
memory effect and superelasticity. Shape Memory Effect:
The capacity of a SMA to restore its previous shape after
transformation when raised to a specific temperature,
referred to as the austenite finish temperature (Af). In the
martensitic phase (low temperature), the material is easily
deformed. When heated, the alloy returns to its austenitic
phase, regaining its original shape (Otsuka & Wayman,
1998) [34]. Furthermore, Ho et al. (2004) [35] noted that
SMAs possess varying shape memory effects (SMEs).
There are two fundamental impacts known as one-way and
two-way shape memory. “Fig.1.” displays a diagram
illustrating the outcomes. The steps are essentially
identical when starting from martensite (a), with a
reversible torsion applied for limited effect or a severe
deformation introduced for an irreversible amount for the
two-way (b); the sample is then heated (c) and
subsequently cooled (d).
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(Fig.1). One-way and two-way SMAs [35].

Super elasticity: This property, described as pseudo
elasticity, allows the material to deform significantly and
then reshape to its original form without requiring a
temperature change. This happens because. The state
change from martensite to austenite allows the SMA to
revert to its original structure when stress is removed [36—
37].

2.4 Materials and Composition: The most widely used
SMAs are NiTi alloys, known as Nitinol, due to their
excellent properties:

2.4.1 Ni Ti alloys (nitinol): Made of titanium and nickel,
they are well-known alloys for having a strong shape

memory effect and being biocompatible, which qualifies
them for use in medical applications (Duerig et al., 1999)
[38]. By changing the composition, one can customize the
transformation temperatures of nitinol.

2.4.2 Copper-Based Alloys: These alloys are used for
purposes that require higher operating temperatures and
offer high transformation temperatures, like copper-
aluminum-nickel (Cu-Al-Ni) (Miyazaki et al., 1998) [39].
Alloys based on iron, such as Iron-Platinum (Fe-Pt) alloys,
are less common but can have high transformation
temperatures and be employed in specific applications
(Otsuka & Wayman, 1998) [34].

TABLE 1:

Shows the comparison of Ni-Ti alloys with various types of shape memory alloys [40].
Sr.no Properties Ni-Ti Cu-Zn-Al Cu-Al-Ni Cu-Al-Be Units
1 Melting Point 1260-1310 950-1020 1000-1050 970-990 'C
2 Density 6400-6500 7800-8000 7100-7200 7300 Kg/m?
3 Electrical resistance 0.5-1.1 0.7-0.12 0.1-0.14 0.7-0.09 Q
4 Thermal Conductivity at room temperature | 10-18 120 75 - W/mK
5 Expansion Coefficient 6.6-10 17 17 - 10%/K
6 Specific heat 490 390 440 J/Kg'C
7 Transformation enthalpy 28000 7000 9000 7200
8 Young’s Modulus 95 70-100 80-100 90 GPa
9 Tensile resistance 800-1000 800-900 1000 900-1000 MPa
10 Fracture elongation 30-50 15 8-10 15 %
11 Yield fatigue resistances 350 270 350 MPa
12 Grain size 20-100 50-300 30-300 100-500 Mm
13 Transformation domain -100 to100 -100 to100 -100 to 170 -200to0 150 | °C
14 Hysteresis (As-Mf) 20-40 10-20 20-30 15-20 'c
15 Spread (Af-As) 30 10-20 20-30 15-20 'c
16 Maximum temperature use (1 hour) 400 160 300 400 'C
17 Corrosion resistance Excellent Average Good Average %
18 Biocompatibility Good Bad Bad Bad -

2.5 Mechanisms and Behavior

SMAs transition from the martensite phase at low
temperatures to the austenite phase at high temperatures.
Martensitic Phase: The material is in the more pliable
martensitic phase at lower temperatures. This phase
facilitates easy shaping of the material due to its low
symmetry.

Austenitic Phase: The material enters this phase at higher
temperatures, where it exhibits increased stiffness and
symmetry. According to Miyazaki et al. (2002) [43], the
material regains its former shape when heated, switching
back and forth between the distorted martensitic phase and
the austenitic phase.

Martensite Phase: Martensite is a structure with a needle-
like appearance, as depicted in “Fig.2.” During
deformation, the martensite in shape memory alloy
undergoes twinning, and when load is applied, twinned
martensite evolves into deformed martensite. Upon
subjecting the distorted martensite to heat at the transition
temperature, it would undergo a transformation and be
changed into austenite. The austenite undergoes
conversion to twinned martensite as the temperature
increases, and this conversion continues until it reaches a
lower or room temperature. Currently, in the field of
research. Nitinol is used as a material for shape memory
alloys (Fu et al. 2014) [44].
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3.The Wire Electrical Discharge Machining (WEDM)
Principle

EDM is an unconventional metal cutting process that has
been adapted to be more affordable while utilized on
composite materials with modern alloys [45-46]. It is an
electro-thermal machining in which an ionized spark
occurs between the workpieces and electrode. In this
regard, the process develops surface erosion on the
workpiece; they created a tool from replica on it. Electrical
discharge deterioration is caused amid the electrode and
workpiece. Furthermore, during the operation, there is no
direct touch between them [47-48]. An extreme
temperature is focused in the confined space; the
temperature ranges up to 8000°C-10000°C, and pressure
also sharply changes [49-51]. Spark plasma is generated
across electrode gaps in a dielectric liquid. [52-54].

0 um
(Fig. 2). Martensite and Austenite structure of Nitinol (Fu et al. 2014) [44].

Dielectrics must possess high dielectric strength, quick
recovery after breakdown, low viscosity, and effective
cooling and flushing properties. [55-58].During this
process, metal on the work piece melts, vaporizes, and
breaks into the fluid. The material is removed by the
electric heating that takes place during the discharge
process, and the material's thermal and electrical properties
greatly affect how well it is machined. Consequently, this
technique can be used to machine and micro-machine work
pieces with low stiffness. Furthermore, the work piece is
particularly well-suited for machining complex surfaces
because it can replicate the shape of the tool electrode.
EDM uses a wide range of process variables, including
electrical and non-electrical elements as well as material
characteristics. The process parameters need to be
optimized to achieve good performance [58—59].
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(Fig.3).Spark Erosion Process of electric discharge machine [142].

4. Literature Review

Himanshu Bisaria et al. investigated how machining
parameters affected the performance characteristics of a
Ni-rich NiTi-shaped memory alloy during wire electric
discharge machining. They describe how it affects SR and
MRR. This study examines the impact of three machining
parameters: peak current (160-200 mu), pulse on time
(18-28 mu), and pulse off time (48-52 mu). NiTi SMA
with High Nickel Proportion was chosen, and brass wire
served as the electrode material. Deionized water acted as
the dielectric fluid in this research [60].

In this study, Mahendra U. Gaikwad et al. [61] employed
the Jaya algorithm to optimize process parameters. The
parameters of the input process were as follows: voltage
(40V to 80V), current (4A to 8A), pulse on time (20 s to
60 s), and pulse off time (5pus to 9us). White layer thickness
and microhardness (MH) were the output parameters that
were assessed. Copper was the preferred electrode
material, and easily obtainable oil served as the insulating
material during the entire machining process. Regression
analysis was utilized to formulate mathematical prediction
models, and experiments were carried out with a L9
Taguchi orthogonal array. For machining, NiTi alloy (Ni-
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60Ti-40) was used as the work material. While F(MH) did
not seem to improve, the objective function F(WLT)
improved from 5.914 to 4.947 mm.

Anshul Gangele et al. [62] This research utilized copper as
the electrode material and NiTi as the work piece material.
One of the input parameters was the discharge current
(between 2A and 8A), duty cycle (between 40% and 60%),
pulse on time (between 50us and 150us), and pulse off
time (between 50us and 80ups). One of the output
parameters chosen was surface roughness. Surface
roughness was optimized using the Taguchi L9 orthogonal
array approach, and a surface quality of 4.25 pm was
accomplished, depending on the optimal input parameter
settings.

Gupta, Deepak Kumar et al. [63] discussed the
consequences of process parameter changes, including
peak current (160A to 200A), pulse on time (18 ps to 26
us), and pulse off time (40 ps to 56 us). They also note
performance indicators, like MRR and SR. The material
chosen for the work piece is Ni54.1Ti45.59. The dielectric
fluid in this study is deionized water, and the electrode is
zinc-coated brass wire. They came to the conclusion that
the most important parameter is tone. As Ton grows, so
does the MRR. When a higher ton is applied to each spark,
the MRR increases because the energy released per spark
is amplified with the increase in ton. The ideal values for
improved MRR are Ip 200A, Ton 26us, Toff 48us, and a
zinc-coated brass electrode. With an increase in tone, the
surface becomes rougher.

J. Kesavan et.al [64] This study examines the effects of
machining parameters on the surface integrity of NiTi
shape memory alloy during WEDM using a brass wire
electrode and deionized water as the dielectric. Optimized
parameters (3 A input power, 9 ms pulse-on, 8 ms pulse-
off, 20 V servo voltage, and 3 m/min wire speed) achieved
improved surface integrity with reduced roughness and
higher material removal rate, as determined by TOPSIS
analysis.

Ti50Ni50-xCu was experimentally studied by Manjaiah et
al. [65] using the brass wire tool in the WEDM method.
The wires, made of zinc and copper, were coated, while the
dielectric medium employed was deionized water. The
analysis revealed that servo voltage was the primary factor
for increasing MRR and limiting surface roughness. The
results highlighted pulse on time, pulse off time, and servo
voltage as the most essential factors that influenced both
MRR and SR.

An investigation by Divya Reddy et al. [66] has been done
on the Ti50Ni48Co2 wire EDM properties. The impact of
several process parameters like servo voltage, pulse on,
and pulse off duration on machining characteristics like
rate of material removal and surface irregularity (SI) was
examined by the researchers. During the machining
process, distilled water serves as the insulating fluid, and
0.25-mm-diameter brass wire serves as the electrode
material. The Taguchi L9 orthogonal array was taken into
consideration when designing the experiment. In order to
simultaneously optimize the input parameters for
improving MRR and decreasing SR, multi-objective Grey
Relational Analysis (GRA) was applied.

Emmanovil, L. Papazoglou, et al. [67] To explore the
process, a series of experiments and modeling were
combined to examine the EDM processing of Titanium
Grade 2. Graphite is used as an electrode in this study, and
the control parameters chosen are current and pulse
duration. The performance parameter was calculated as
MRR, TWR, and AWLT. Regression models were
produced with the help of RSM and ANOVA to correlate
the machining parameters and corresponding results.
Vinayak N. Kulkarni et al. [68] The wire electrode material
used in the WEDM experiment was zinc-coated brass (d =
0.25 mm), in accordance with ASTM F2063. The
machine's control factors in this experiment include Ton,
Torr, wire feed, servo voltage, dielectric fluid, wire
tension, peak current, and table feed. The role of three
significant control parameters for three distinct quality
parameters, MRR, SR, and TWR, is examined in this
study. ANOVA and Taguchi's Quality Loss Function have
been used to maximize outcomes.

Kedri Janardhana et al. [69] This study has improved the
EN31 alloy's micro-hardness, white layer thickness, and
surface finish by the dry electric discharge machining
(DEDM) process using the Taguchi design of
experimentation. Optimal process parameters are predicted
using the Weight Product Method (WPM), a multi-criteria
optimization technique. Pulse width, gap voltage,
discharge current, and gas pressure were all taken as input
parameters to minimize surface roughness. Compressed
argon gas combined with graphite powder has been
utilized as a dielectric medium.

Panagiotis Karmirris-Obratanski et al. [70] An
experimental study on the Ti-6Al-4V ELI process with
high powder EDM is being studied. Pulse on time and
pulse on current were considered as control factors for this
study. The performance parameters were estimated using
TMRR, MRR, and TWR, and surface roughness was
evaluated through Rz and Ra. To get the best results, the
RSM method and ANOVA were applied.

D. Doreswamy et al. [71] examined the impact of current,
pulse off time, and pulse on time on the MRR, kerf width,
and SR of Ti-6Al-4V that was WEDM machined. In this
research, GRA-based multi-response optimization was
used for results. Molybdenum wire of (d = 0.18 mm)
diameter is used as the electrode for machining, and
deionized water is the dielectric fluid medium.

Atish Mane et al. [72] conducted an empirical analysis
using the Shape memory alloy (NiTi) in the context of the
EDM process to optimize for low roughness of the surface
and maximize MRR. In this research inputs parameters are
discharge current, gap voltage, pulse on and pulse off time,
and outcome variables are SR and MRR were selected for
the optimum results obtained by the TOPSIS approach.
Kerosene acts as the dielectric fluid medium, and pure
copper plates are used as the machining electrode.

Rakesh Chaudhari et al. [73] performed the 3D surface,
EDX, and SEM analysis to improve the surface integrity
of the Nitinol SMA (Niss.sTi) machined samples through
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WEDM with process parameters (Ton: 40 ps, Toff: 12 ps,
and current: 1A). In this process, a molybdenum tool
electrode was used.

Anbazhagan Nagadeepan et al. [74] Carrying out an
experimental investigation into the process of Ti-6Al-4V
via the Box-Behnken design and no dominated sorting
genetic algorithm optimization method to deliver a Pareto
optimum solution with the intention to achieve high MRR
with low SR. Input parameters are pulse active time (110
to 120ps), pulse inactive time (50 to 60us), peak amplitude
current (40 to 42A), and applied servo voltage (40 to 50V),
and output parameters are MRR and SR.

N.H.Phan et al. [75] evaluated the surface roughness of Ti-
6Al-4V with coated electrode and AICrNi coated Al
electrode  through ANOVA (regression model).
Throughout this study, parameters such as current (I),
voltage (V), and pulse on time were selected as input
parameters. The study revealed that I and Vg parameters
have a strong impact on surface quality.

In a study by Rahul V.M. et al. [76], the most effective
factors for wire electric discharge machining were
identified via particle swarm optimization (PSO) on
machined Ni50.3Ti34.7Hf15 specimens. In this process, a
WEDM with de-ionized water as dielectric fluid and a 0.25
mm-diameter Zn-coated brass wire tool electrode were
utilized for the machining process. It was adopted a neural
network model to assess wire feed rate, servo voltage pulse
off time, and pulse on time. The study revealed that SR and
MRR are significantly associated with Ton, and MRR is
also influenced by Torr.

Abdul Faheem et al. [77] examined the outcomes of duty
factor, pulse on time, peak current, SR, and MRR of
Niss.esTi-SMAs through EDM techniques. To optimize
these machining factors, full factorial design analysis was
used to do empirical modeling and ANOVA.

Hou et al. [78] conducted surface characteristics analysis
of SMA of NiTi with the help of wire EDM, such as
hardness, form recovery capability, and surface damage. It
was observed that a decrease in roughness of specimen
regarding 2.79 um towards 0.12 pm.

Gupta et al. [79] employed the WEDM technology to
machine a Ti-6Al-4V alloy at varying machining rates of
2 to 6 mm/min and a constant 6 A current. The wire speed,
pulse length, WT, servo voltage (SV), and F were used as
the process factors, and SR and MRR represent the output
response. The best results were obtained with a F of 4
mm/min, a WT of 1.4 kg, an SV of 60 V, and an S of 8
m/min. The surface conditions were adequate at a higher
WT and a lower machining certain process variable;
however some process variables, such as pulse length and
wire speed, have been shown to minimize MRR.

4.1. Research progresses in electric discharge machining
and wire electric discharge machining: The shape
memory alloys after various machining techniques have
the focus of comprehensive analysis. The quality of the
surface depends on several process factors. A remarkable
correlation has been observed between MRR of NiTi
alloys and the electrical discharge energy approach
throughout the electric discharge machining operation.
There is an inverse relationship between the rate at which
material is removed and the product of an alloy's thermal
conductivity and melting temperature.

TABLE 2: Insights into wire EDM machining of shape memory alloys.

Sr.no. Authors Material Process Performance Optimizati | Electrode Dielectric
on Wire
Techniques
1 Ranjit Cu Based . Ton (35-255 us) . Dimensi . G| e C NA
Singh.et.al SMA'S . Totr (15-195 ps) onal Deviation enetic u based
[80] . Peak Current (10-50 | Tool Algorithm
Amp) wear Rate (GA)
. Gap Voltage (15- . T
75V) LBO
2 Rahul V.M. | Ni50.3Ti34.7- . SR . T| e Z | deionized
et.al [81] Hf15 . Ton (110-125 ps) . MRR OPSIS n-coated water
. Wire  feed (2-8 . P | Brass
m/min) WO (9=0.25mm)
. Toff (40-55 ps)
. Servo Voltage (30-45
V)
3 Sharma.et.al Al6063 . Ton (60-120ps) . SR . T| e C | Distilled
[82] . Peak Current(4- | o MRR aguchi opper and | water
10Amp) Graphite
. Toff(20-26 ps)
. Pressure (0.6-1.2 atm)
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4 Jay Vora.et.al | Nitinal Powder | e Ton (3-9ps) . SR . Al e C | EDM oil
[83] mixed . Toff (2-8ps) . Dimensi | NOVA and | opper
o Peak Current (5- | onal devation (DD) | HST
15Amp) . MRR Algorithm
. Powder
Concentration (0-2g/L)
5 Soni.et.al Ti50Ni45Co5 . Ton (HS) . MRR . Pl e N NA
[84] SMA's . Toff (us) . Surface CA A
. Gap Voltage(V) Finish (SF) . G
RA
6 Magabe et.al | Ni55.8Ti . MRR NSGA-II zinc-coated deionized
[85] SMA's Spark gap . Surface brass water
voltage(V):20,30,40,50 Finish (FS) (¢=0.25mm)
Wire feed rate(m/min):3,6,9,12
Ton(ps):0.35,0.55,0.80,1.0
Toff (us):9,11.5,15,24
7 Rakesh Nitinol SMA's . Ton (20-8()“5) . SR . M| e M | distilled
Chaudhari. . Toff (5-20us) . MRR OTLBO olybdenum water
ct.al [86] . Current (2-5A) (9=0.18mm)
. Powder
Concentration (0-1g/L)
8 J. Kesavan. | Ni50.6Ti49.4 . Ton (6-9ps) . SR . T| e B | De-ionized
et.al [87] . Toff (7-9us) o MRR OPSIS rass water
. Servo Voltage (20-
40V)
. Input Current (1-
3Amp)
. Wire  Speed  (1-
3m/min)
9 Rehman etal | NiTi SMA's . Discharge current 2- | SR . Al e M | EDM oil
[88] 6Amp) MRR NOVA olybdenum
o Pulse-off time (15- o B | (9=0.18mm)
25us) BD
. Pulse-on time (30- . T
50us) LBO
10 Mahindra U. | Ni60Ti40 . Ton (20-60us) . Microha . J | e C | Commercia
Gaikwad et.al . Toff (5-9ps) rdness aya opper Loil
[89] . Current (4-8Amp) . white Algorithm
. Voltage (40-80V) layer thickness
11 C.Balasubrama | Ni44Ti50Cu4 . Ton (8-12ps) o Surface o Nfe Z | NA
niyam.et.al Zr2 . Toff (10-14ps) undulation A inc  coated
[90] . Current (2-5Amp) . MRR (0.25mm)
. Servo Voltage (40-
60V)
. Angle of cut (45-90)
12 Rakesh Ni55.8Ti . Ton (1-110ps) . Surface . H| o M | EDM Oil
Chaudhari.et.al | SMA's . Toff (1-12ps) Roughness (SR) TS olybdenum
©1] o Current (1-6Amp) o Reductio | Algorithm (0.18mm)
n in Microcracks,
Micropores and
globules
13 Deepak Ti-6Al-4V o Ton (20-50us) o MRR o Al e M | Cleanser
Doreswamy.et. . Toff (10-30us) NOVA olybdenum gel and
al[92] . Current (1-6Amp) (0.18mm) Deionized
water
14 Vinayak N | NiTi SMA's | » Ton (105-125ps) . MRR . Al e Z | De-ionized
Kulkarni.et.al (ASTMF2063) | o Toff (25-55us) . SR NOVA inc coated | water
(93] o Wire feed (4-8m/min) | e TWR o T | (0.25mm)
aguchi
Quality
Function
loss (TQFL)
15 D.Doreswamy. | Ti-6Al-4V . Ton (20-50us) . MRR . Al e M | Cleanser
et.al [94] . Toff (10-30us) . SR NOVA olybdenum gel and
. Current (2-6Amp) . Kerf . G| (0.18mm) Deionized
Width (KW) RA water
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16 Atish NiTi SMA's . Ton (35-100ps) . MRR . T| e C | Kerosene

Mane.et.al [95] . Toff (5-9us) . SR OPSIS opper
. Current (10-20Amp)
. Gap Voltage (25-
100V)

17 Panagiots Ti-6AL-4V . Ton (25-200ps) . MRR . Al e G | Synthetic
Karmiris- ELI . Toff (5-9ps) . TMRR NOVA raphite Hydrocarb
Obratanski.et.a . Current (25-65Amp) . TWR . R on
1[96] . Gap Voltage (25- | o Ra SM

100V) ° Rz

18 Anbazhagan Ti-6Al-4V . Ton (110-120us) . MRR . B| e Z | Deionized
Nagadeepan.et . Toff (50-60ps) . SR BD inc coated | Water
al [97] . Current (40-42Amp) o N | (0.25mm)

. Gap Voltage (40- SGA-II
50V)

19 N.H.Phan.etal | Ti-6Al-4V o Ton (100-1500us) . Surface . T| e A | NA
[98] . Current (10-40Amp) | Roughness (SR) aguchi 1 and AICrNi

. Gap Voltage (40-
55V)

20 Neeraj Ni60Ti40 . Ton (105-124ps) . CR . R e y4 Distilled
Sharma.et.al . Toff (25-55ps) . Dimensi SM inc  coated | water
[99] . Peak Current (110- | onal Shift . C | (0.25mm)

190mu) o SR CRD
. Gap Voltage (30-

80V)

. Wire feed

(2010mm/min)

21 Divya Ni50Ti48Co2 . Ton (115-125ps) . MRR Taguchi . B | Distilled
Reddy.et.al . Toff (30-40us) . SR GRA rass water
[100] . Servo Voltage(40- (0.25mm)

50V)

22 Ranjit.et.al NiTi Ton (35-255us) . MRR RSM . C | EDM oil

[101] SMA’s(Fe Toff (15-195ps) o TWR CCD u-W
Based) Current (10-50Amp)
Servo Voltage (15-75V)

23 Deepak Kumar | Ni54.1Ti . Ton (18-26ps) . MRR . T| e B | Deionized

Gupta [102] . Toff (40-56ps) . SR aguchi rass water
. Peak Current (160- (9=0.25mm)
200Amp)

24 Neeraj Ni55.8Ti o Ton (0.35-1ps) o MRR o Al e B | Deionized
Sharma.et.al . Toff (9-24ps) . SR NOVA and | rass water
[103] . Servo Voltage (20- | o CR GRA (®©=0.25mm)

50V) . Surface
. Polarity (straight (-) integrity

reverse (1))

L]

25 Ahmad Fairuz | NiTi SMA's . Pulse interval(6-8ms) . Recast ANOVA . T Deionized
Mansor.et.al . Discharge layer, and GRA itanium rod | water
[104] duration(50-540us) . Surface (®=10mm)

. Peak Current(3- | Roughness
9Amp) . crater
size

26 Ni-richTi ° Peak current (160- ° Micro ° N| o B Deionized

200mu) hardness A rass water
Bisaria and . Spark on time (18- | Cutting (©=0.25mm)
Shandilya.et.al 26mu) efficiency
[105] . Gap voltage (80- | e SR
260V) . shape-
. Spark off time(48- | memory
52mu) characteristic
. Machine
d surface
. Morphol
ogy
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27 AM Takale et | NiTi . Pulse on time (p,s): . MRR . Gl e Z De-ionized
al [106] 150 o Surface RA n coated | Water
. Wire Tension(N):6 Topography . T | Brass
. Pulse off time (us): 40 | o Ra aguchi's
. Spark Gap | e Recast
Voltage(V): 90 layer
. Wire Feed (m/min):6
28 Lokesh Kumar . Pulse On . A
et.al [107] Niss.3T144.026 Time(ps): 115,125,135 . SR NFIS Zn  coated | De-ionized
. Wire . Overcut | o P | Brass Water
feed(M/MIN):1,2,3 . Vibratio SO
. Servo n . T
Voltage(V):45,55,65 aguchi
. Pulse Off . B
Time(ps):53,58,63 BD
. Peak
Current(A):11,12
29 Shandilya.et.al Ni55.95Ti44.0 . Spark gap voltage’ . SE ° N| o B NA
[108] 5SMA . Ton (100-120ps), . Cutting A rass
o Toff (46-2ps) Rate Wire
. Wire feed (4- (©=0.25mm)
12m/min)
. Wire tension (4-8N)
30 Alidoosti.et.al ° Pulse current (4- ° MRR ° F | e C Kerosene
[109] NiTi SMA 8Amp) ull factorial | opper
o pulse duration design . T
. (6.4-50us) Electrode ungsten-
material Copper
31 Roy.et.al [110] | Nitinol-60 . Duty factor (57.5- | e Max. RSM Zinc coated | De-ionized
89.2) peak valley to height | Monte brass Water
. Voltage(40-60V), . Avg. Carlo (¢=0.25mm)
Flushing Pressure (2-6lit/min) peak valley to height | Simulation
32 Gupta et.al Wire feed rate . MRR . G| e B | De-ionized
[111] Wire tension . SR A rass (Zn | Water
Ni54.1Ti45.9 Pulse on . A | Coated)
Pulse off NN
Peak current
33 Soni.et.al [112] | TiSONi40Col0 | e Pulse on Time | o MRR Response Zinc coated | Distilled
(Ton):105-125ps . Hardnes surface brass water
o Pulse off Time (To) | s design (9=0.25mm)
:28-56 pus . SR
. Servo Voltage:20-
60V
. Servo feed
(mu):2160-2200
. Wire speed
(m/min):2-6
34 Sharma  et.al | Ni40Ti60 Ton(ms) :105-124 Tz(ms):25-55 | Cutting rate, | RSM Zinc coated | Distilled
[113] ms, dimensional shift CCRD brass water
Servo voltage(V):30-80 Surface ANOVA (9=0.25mm)
IP(mu):110-190 roughness (SR)
35 Goyal.et.al Ni49Ti51 . Ton (60-120us) Toff | e MRR . R e B | NA
[114] (15-45ps) SM rass tool
o Ip(4-8Amp) . A | electrode
o wire feed (4-8m/min) NN
o wire tension (11- o B
15cm?/gm) BD
36 Daneshmand.e | NiTi-60 . Current . MRR . D| e C | De-ionized
tal [115] voltage(V):80,250,80 . tool wear | oE opper Water
. Ton(ps):35,50,100 ratio . A | Electrode
o Toff(us):30,70,200 . SR NOVA
. Current(A):10,15,20
. Toll
rotational;200RPM
. ALOs powder
37 Manjaiah.et.al Ti50Ni40Cul0 | Ton(110-130ps) . MRR . R | Zinc coated | De-ionised
[116] SMA . Servo voltage (20- | e SR SM brass water
60V) (9=0.25mm)

IJDDT, Volume 16 Issue 43s, 2026

Page 1232



Electric Discharge Machining of Shape Memory Alloys: Insights into Methodologies and Performance Optimization

o Toff (48-60 ps) . C
CD
38 Manjaiah.et.al | TiSONi50- . Ton(0.2-1ps) . MRR . D | Zinc coated | De-ionised
[117] xCux10,20 . Toff (3.8-25 ps) . SR oE brass water
SMA . Servo  Voltage(20- . A | (9=0.25mm)
60V) NOVA
. Wirespeed(2- . A
14m/min) NOM
39 Narendranath.e | TiSONi42.4Cu | e Ton(ps) :12,16,20 . SR . D | Molybdenu De-ionized
t.al [118] 7.6 SMA . Toff(us):4,6,8 . MRR OE m wire water
. Peak . R | (¢=0.18mm)
current(Amp):3.4,5 SM
40 Alidoosti.et.al NiTi SMA . Pulse . MRR . F Kerosene
[119] current(ps):4,6,8 ull factorial | Copper (Cu)
. Pulse design and
duration(us):6.4,25,650 Tungsten—
. electrode material copper  (W-
Cu)
41 Hsieh et al. | TiNiZr and | e Wire electrode . MRR . R | NA NA
[120] TiNiCr . Pulse duartion . Machine | SM
. Pause duration d Surface
. Flushing Pressure . Morphol
. Duty factor ogy
. Gap voltage . Surface
. Current Roughness(SR)
. Dielectric medium . Hardnes
s

4.2 Different Optimization Techniques of EDM:

These optimization approaches improve productivity,
extend tool life, reduce waste, and improve surface polish
by optimizing machining parameters. In order to achieve
this, these optimization strategies are also utilized in multi-

objective and hybrid methods to further enhance
performance by utilizing the advantages of one approach
while reducing the disadvantages of another [46]. There
are many different optimization methods. A few of these
are illustrated below with the help of (Fig.4). as follows:

Different Optimization Techniques

Taguchi PSO

Response

Surface Genetic

method(RSM)

TOPSIS TLBO

Grey
relationship
analysis

PCR

HST
Algorithm

Design of
Experiment
(DOE)

Jaya Algorithm

NSGA
|

(Fig.4). Different Optimization Techniques.

(1).Taguchi method

(i1). Response surface method
(1ii). TOPSIS method
(iv).TLBO method

(v).PSO method

(vi).Genetic method
(vii).Design of Experiment (DOE) method
(viii).Grey relationship analysis
(ix).HST Algorithm

(x).BBD

(xi).Jaya Algorithm
(xi1).NSGA-II

4.2.1 Taguchi Method: The Taguchi technique of
experimental design is a scientific approach that aids a
designer in identifying almost ideal configurations for the
experimental process's design parameters. His research
utilizes the signal-to-noise (S/N) ratio [121]. The three
distinct quality measures used here are 'nominal is
best,"smaller is better,’' and 'larger is better.

4.1.2 The Response Surface Methodology (RSM): RSM
consists of mathematical and statistical techniques
designed for modeling and analyzing problems where
several factors affect the result. The aim of RSM is to
optimize this response by changing the levels of the input
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variables. This methodology is appropriate for
investigating and demonstrating issues when the outcome
is influenced by a variety of input parameters [142].

4.1.3 The Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS): The multi-
attribute decision-making method TOPSIS was proposed
by Huang and Yoon [122].Conceptually, the technique is
straightforward and requires less computing work than
other MADM approaches such as desirability function,
utility concept, and gray relational analysis, among others.
The method selects the option that is least geometrically
distant from the ideal optimum solution and least
geometrically distant from the ideal negative solution at
the same time. While non-dominating solutions can be
thought of as alternatives, the performance characteristics
are regarded as features. To apply this strategy, attribute
values need to increase or decrease numerically and
monotonically. By taking into account all of the
information contained in the qualities, TOPSIS does not
require that attribute preferences are independent in order
to provide a substantial grade for the attributes. [123].

4.1.4 Teaching Learning-Based Optimization (TLBO):
TLBO is a unique optimization technique presented by
Rao and Savsani [124]. This method's unique benefit is that
it doesn't need any algorithmic variables. TLBO has broad
applications in a broad spectrum of real-world production
issues, with sterling heat engines, power flow experiments,
flow shop scheduling problems, etc., because of its
straightforward principle, quick convergence, and simple
implementation [125]. The TLBO algorithm was initially
inspired by classroom instruction and learning exchange
between the teacher and pupils. The degree to which a
teacher has an impact on the students in a classroom
determines how effective the algorithm is. Therefore, the
algorithm's primary features are teachers and students
[125-129].

4.1.5 Particle swarm optimization (PSO): PSO
implements a computational optimization method that uses
stochastic global search to discover the best objective
function inside a given searching space. It is predicated on
swarming's intelligence and mobility. [143]. Kennedy and
Eberhart first presented the concept for this algorithm in
1995 (Al-Anzi & Allahverdi, 2007). [129] several
candidate  solutions coexist and work together
simultaneously during this method. The problem search
space is flown through by each of these solutions, known
as "particles," in search of the best place to settle. Several
possible  solutions coexist and work together
simultaneously during this method. These solutions,
referred to as "particles," each fly throughout the problem
search area in search of the best place to land. The position
of a particle is modified based on its own "experience" and
the experiences of nearby particles as it moves through
time on its mission. Particle's experience is increased by
keeping track of and learning from the optimal position
each iteration. Because of this, it possesses a memory,
meaning that each particle is aware of its highest position
from the past. The local search strategy (by using one's

own experience) is combined with the global search
method by PSO. It aims to strike a balance between
exploitation and exploration [143].

4.1.6 Genetic Algorithm: Natural selection and genetics
serve as the foundation for the genetic algorithm approach.
It serves to identify the best or almost best answers to
challenging issues. Utilizing three different kinds of
operators, specifically, mutation, crossover, and
reproduction. The strongest couple was selected, and
because of the various crossovers in the gene pool, a
mutation was introduced. The most robust and optimal
option is selected as a solution [143-144, 130].

4.1.10 Heat Transfer Search (HTS): The HTS algorithm,
put forth by Patel and Savsani (145), is used to achieve a
uniform temperature through thermal transfer resulting
from interactions within the molecules of the system and
the environment. The goal of a thermodynamically
unbalanced system is always to transfer heat between itself
and its surroundings in order for thermal equilibrium to be
reached. Three types of heat transport exist: conduction,
convection, and radiation contribute significantly to the
establishment of thermal equilibrium. In order for an
equilibrium state to be reached, the heat flow phase occurs
via conduction, convection, and radiation, which are taken
into account by the HTS algorithm. In this algorithm, all
three heat transfer modes are given a uniform potential for
heat transfer, and a random heat transfer method is
assigned to each generation. When the HTS method begins
with a stochastic population, the system is composed of "n"
molecules (i.e., population size) and temperature (i.e.,
design variables). At the next steps, the population is
altered during each iteration by a randomly selected heat
transfer mode. Furthermore, if the modified outcome of the
algorithm has a higher functional value, it is approved.
Then, elite solutions take the place of the population's
worst solutions [91].

4.1.11 Jaya Algorithm: Rao first outlined the Jaya
Algorithm in 2016(146).A novel and straightforward
optimization technique for resolving both restricted and
unrestricted optimization challenges is presented by this
algorithm. This algorithm is used to optimize current
machining processes such as p-EDM, EDM, and PAM
from several perspectives. The Jaya method is a new
method that has been applied to EDM optimization. This
approach requires fewer parameters and is somewhat
easier to implement. Compared to other methods like PSO,
ABC, and TLBO, the Jaya algorithm is a simpler way to
maximize the outcome. Multi-objective optimization is
another application for it [140].

4.1.12 Box Behnken design (BBD): BBD is known as the
RSM technique used for optimization. BBD is a three-
level, incomplete factorial design that can optimize three
to twelve elements and requires fewer experiments than
central composite design (CCD) [74].

4.1.13 Grey Relationship Analysis (GRA): Deng (1989)
[147] proposed the gray system theory, which may be used
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to address the complex connections between the many
performance measurements. It developed novel methods
for addressing the complex interrelationships among the
numerous performance attributes (46,148). It is a useful
technique for estimating the behavior of an uncertain
system and a discrete data problem with minimal
information required. Three types of systems are
identified: black (no information), white (all information),
and grey (imperfect information), which means that only a
small amount of information is required to forecast how
the behavior of an uncertain system and discrete data
problem will be. To avoid this influence, data
preprocessing must be applied to the initial experimental
data. A range of zero to one (0-1) is associated with data
processing. The process of normalization is used to convert
the data into a similar sequence, and three requirements are
needed: nominal is the best, higher is better, and lower is
better. [85].

5. Future Scope and Research Directions: The article
highlights areas for future research; including the need to
explore advanced methodologies for further enhancing
WEDM performance and understanding its long-term
effects on SMAs. There is also a need to investigate the
development of new SMA compositions and how they
respond to various WEDM processes.

6. Conclusion: The following can be illustrated as:

e SMAs have been established as highly valuable
materials because of their reversible deformation,
super-elasticity, and other unique features. Their
potential applications bridge multiple industries like
robotics, sports, aerospace, biomedical, automobile,
and space exploration.

e The review emphasizes the crucial role of EDM in
processing SMAs. The precision and efficiency of
WEDM  enhance dramatically the mechanical
properties, surface integrity, and overall performance
of SMAs. Optimizing EDM parameters, for example.
Pulse duration, current intensity, pause time, and
voltage are essential for achieving high-quality results
and minimizing thermal damage.

e Additional research in this area is anticipated to create
opportunities for advanced manufacturing and material
processing technologies. The study highlights the need
for further research and enhancement of EDM
techniques, specifically focusing on SMAs. To elevate
the performance of EDM and expand its range of
applications, future research should focus on fine-
tuning process parameters, assessing innovative
optimization methodologies, and investigating the
incorporation of state-of-the-art materials and
technology.

Abbreviations:

WEDM: Wire Electric discharge machining

EDM: Electric discharge machine

PMEDM: Powder mixed electric discharge machine
SME: Shape memory Effect

MRR: Material removal rate

SR: Surface Roughness
SMA'’s: Shape memory alloys
Ni-Ti: Nikil Titanium

Ton: Pulse Time

TOFF: Pause Time

MH: Microhardness

TWR: Tool wears Rate

WR: Wear rate

WRR: Wire Wear Ratio

KW: Kerf Width

Subscripts

[ diameter

pm micrometer
A Ampere

\Y Voltage

ms millisecond
us microsecond
mu machine unit

°C Degree Celsius
g/L gram/liter
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