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Abstract. Shape Memory Alloys (SMAs) have various applications in the field of medical science due to its

superior properties such as pseudoplasticity, shape memory effect, biocompatibility, high specific strength, high

corrosion resistance, high wear resistance and high anti fatigue property. The machining of TiNi shape memory

alloys by traditional processes is very crucial due to poor thermal conductivity, poor surface finish and burr

formation. Hence, to overcome these problems the non-conventional machining process viz. water jet

machining, electrical discharge machining, laser beam machining, etc. are more suitable to machine SMAs. The

appropriate non-conventional machining process EDM/wire EDM, provides better machining and surface

characteristics during machining of SMAs. The objective of the current work is to identify the research gap for

SMAs during their machining by the EDM and Wire EDM process and to identify the future prospective of

SMAs for different applications in the field of biomedical.

Keywords. Biomedical; shape memory alloy; non-conventional machining; electrical discharge machining;

wire EDM.

1. Introduction

In the present industrial scenario, shape memory alloys

(SMAs) are quite popular in medical science. Their appli-

cations in medical science industry include eyeglass

frames, orthodontic arch-wire, surgical stents, active

catheters, orthopaedic implants. SMAs show outstanding

properties such as high biocompatibility, high corrosion

resistance, quick actuation response, super-plasticity, great

ductility, and high specific strength [1]. The past literature

identifies and reports difficulties viz. making complex

geometries and fabricating parts in shape memory alloys,

due to their superiors’ mechanical properties [2]. The

peerless pseudo-elastic behaviour caused by machining is

characteristic, causing less dimensional accuracy and is

time-consuming. Also, shaping the high strength engi-

neering materials viz. superalloys, composites (metallic

based) and hard steels is difficult by conventional

machining processes The conventional process provides

low dimensional accuracy, burr formation and poor surface

finish that leads to the development of non-conventional

machining processes [3–5].

Globally the researchers, industrialists, and scientist have

developed the non-contact type of machining process,

where a source of energy is utilized for shaping complex

shapes with no limitation on mechanical properties of

workpiece assessed [6]. These non-contact machining

processes are referred as modern machining/advanced

machining processes [7, 8].

Research work published by the utilization of these

modern machining processes such as laser machining,

electrochemical machining, abrasive water jet machining,

electrical discharge machining, and wire electrical dis-

charge machining has been appropriate for machining of

SMA’s alloys was assessed by Majimder and Maity [9].

Among the non-conventional processes, the EDM/ Wire

EDM machining techniques have the best method for

machining hard materials with the fabrication of complex

profiles [10]. The wire EDM technique is adaptable to

machine metallic and electrically conductive materials. The

Wire EDM process used for the fabrication of noncon-

ductive quartz material, consumer electronics, communi-

cations, and electronics industries, and smartphones have

led to an increase in the demand for glass that is resistant

against abrasion and scratch assessed by Oza et al [11].

Wire EDM process requires less cutting force to remove the

material, so low residual stresses have been produced on

the product, that is required for the medical applications

[12–14]. The modelling of optimum machining setting

provides a better machining characteristic during the*For correspondence
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machining by the EDM/Wire EDM process [15, 16]. The

machining of shape memory alloy with good dimensional

accuracy and surface finish are required during the fabri-

cation of geometrical features.

2. Electrical discharge machining (EDM)

EDM, also known as spark machining, die sinking and

spark eroding, is an advanced electro- thermal machining

process. Material removal takes place, after a series of

sparks (electrical discharge) are generated between the

work material and tool, fully submerged within the

dielectric fluid. The temperatures produced by the sparks

are too high (8000�C–12000�C) which melt the material of

workpiece described by Peng et al [17] and Pandey et al
[18]. A dielectric fluid acts as an insulator between the tool

electrode and workpiece material and carries away the

debris generated during machining [19, 20]. Figure 1 shows

the working principle of the electrical discharge machining

process.

The EDM process can be divided into different stages,

namely, the application of adequate electrical energy,

dielectric breakdown, sparking, melting and vaporization of

the workpiece. In the EDM process, the material is removed

from the workpiece with the support of frequent electrical

discharges between two electrodes divided by a dielectric

fluid, one being the workpiece and other being the cutting

tool [19, 21]. The electrical energy is converted into ther-

mal energy that is used for cutting the workpiece material.

In the EDM process, the workpiece and the cutting tool are

not in physical contact. The material is removed from the

workpiece material due to the heat produced by the dis-

charges. Due to this massive amount of heat produced, the

workpiece gets melted, and the debris produced gets

washed away with the help of the dielectric fluid. Among

generally used electrode material (copper, graphite, brass,

etc.), copper has been found as the most superior due to its

high thermal as well as electrical conductivity [22, 23].

Electro discharge machining process has been widely used

to fabricate moulds, dies and complex geometrics for the

hard or difficult to machine materials. EDM machining

process is widely used for aerospace, automotive and

medical application as it can cut the hard and tough

materials easily [24–26].

3. Investigation on machining characteristics
of shape memory alloy by EDM process

In this section, the experimental work performed by the

various researchers for machining of shape memory alloys

by EDM process has been discussed. Huang et al [27]

considered the effect of martensite transformation temper-

ature for the biomedical applications of Ti50Ni50 alloy. The

experiments were performed by using the dielectric med-

ium (nitrogen) and tool electrode (titanium pipe). It was
found that MRR, TWR and SR increased as the increase in

pulse current and pulse duration. The machining was per-

formed by the dry EDM process. It has been reported that

the machined surface of Ti50Ni49.5Cr0.5 shows, harder

recast layer and adhesion properties that provides the better

wear resistance. Nowadays, The EDM process has been

using extensively for the fabrication of micro parts. Abidi

et al [28] exploited the need for micromachining applica-

tions for miniaturization of products in the automobile

sector, biomedical sector, semiconductor tools, etc. Fig-

ure 2 presents the SEM image of the drilled hole by opti-

mizing and unoptimized parameters by micro-electrical

discharge machining (lEDM) method and a comparison

between the machined surface has been analysed. The

overcut, taper angle and surface roughness were investi-

gated by using grey-principal component analysis (PCA)

methodology. It was found that the machining parameters,

capacitance (475 pF), discharge voltage (80 V) and elec-

trode material (Cu) provided the best results. Fu et al [29]
reported that the NiTi alloys has been extensively used in

biomedical filed due to outstanding properties such as

super-elasticity, shape memory effect and biocompatibility.

Laser cutting and electrical discharge machining were used

to eliminate the problem of rapid tool wear and large burr

formation. After machining of NiTi alloy, effect on white

layer and heat affected zone has been analysed.

The efficiency of the EDM process can be increased by

changing the property of the dielectric medium. Danesh-

mand et al [30] performed the experiments using tool

rotation and Al2O3 powder as an input parameter for the

EDM process. The effect of machining parameters of EDM

on responses i.e., MRR, SR and TWR were studied. The

results show MRR was mainly affected by the Al2O3

powder and tool rotations along with increasing Ip, Ton and

Voltage. Rotation of the tool avoids spreading of the

plasma channel and Al2O3 powder fills the gap between

tool and workpiece, decrease kinetic energy of ions and

reduced tool wear rate. Markopoulos et al [31] have studied
the effect of input parameters on shape memory alloy

during the EDM method. It was suggested that a lot of

research has been attended to define the mechanisms ofFigure 1. Schematic of EDM Spark Description, Abdel et al
[21].
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super-elasticity, shape memory effect and transformation-

induced fatigue in SMAs. They studied the brief literature

of SMA by the conventional machining processes like

milling and turning and for the machining of SMA and by

the advanced machining method like EDM, Wire EDM,

LBM, AJM, etc. It was reported that the machining of

SMAs by advanced process provides better machining

characteristics as compared to conventional machining

processes.

The tool wear rate can be significantly decreased by the

cryogenic process. Kaynak et al [32] adopted a minimum

quantity lubrication (MQL) process to reduce the TWR by

the cryogenic process. A comparison has been made and it

was found that the cryogenic cooling reduces the tool wear

rate. Experiments have been executed to identify the

machining responses of SMAs by mechanical cutting and

drilling operations. After the experiments, it was found that

blade rotation speed and cutting load reduce the cutting

time of the material. The tungsten carbide drill provides the

best drilling capacity. This feature provides the high

toughness and viscosity, and the unique pseudo-elasticity of

SMAs [1].

Abedi et al [33] employed a model to make a precise

relation between input parameters i.e., voltage, current,

pulse on time and pulse off time and material removal rate

and surface roughness. During the machining of NiTi60

alloy. The trials were done by DoE methodology to analyse

the results. The significant parameters were found by

analysis of variance and regression equation was developed

for the modelling. A mathematical model was established

with ANOVA methodology for NiTi 60 with the copper

tool electrode and dielectric fluid. The current intensity

shows a significant effect on the responses. Increase in

current intensity has the most significant effect on surface

roughness. Gaikwad et al [34] have stated the die- sinking

EDM machining parameter for the MRR during the

machining of shape memory alloy. The MRR is found

proportional to work material electrical conductivity, gap

current, and Ton. The investigation as reported leads that

optimized response obtained was 7.0806 mm3/min. Present

days hybrid machining process is broadly used for

machining of hard material to get the best machining

characteristics. Ahmari et al [35] employed the hybrid

machining process to overcome the drawbacks of laser and

micro-EDM techniques for drilling micro -holes (200 lm
dia.) in NiTi alloy. In the presented work, initially drilling

was done by laser machining and after that drilled by l-
EDM for finishing. It has been described that laser

machining has produced the poor surface finish on the

holes.

Mehta et al [36] employed to optimize machining con-

dition during the machining of NiTi alloys with minimum

expenses and less environmental effect. Figure 3 shows the

defects, while cutting of Nitinol material. The drawback

(high tool wear, adverse chip form, the formation of burrs)

of conventional machining process were analysed and they

proposed an advance process to machine the shape memory

alloys i.e., hybrid cooling–lubrication. They gave the pro-

tentional novel hybrid method. Lin et al [37] performed the

experiments on Ti49Ni51, Ti50Ni50 and Ti50Ni40Cu10 SMAs

by the EDM technique to investigate the consequence on

the MRR on recast layer of the machined surface. They

detected the material removal rate which has been signifi-

cantly affected by the pulse current and pulse duration.

During the surface morphology, it was analysed that the

machined layer contains the oxide of TiO2, TiNiO3.

Hsieh et al [38] examined the effect of the deionized

water during EDM process for TiNi alloys. The

microstructure of the machined surface and surface

roughness has been analysed. The Ti35.5Ni48.5Zr16 and

Ni60Al24.5Fe15.5 were used for the experimental work and

comparison has been made for different materials. They

Figure 2. (a) SEM image of hole drilled (unoptimized parameters) and (b) SEM image of hole drilled [28].
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found that the thickness of the recast layer increases with

growing pulse duration. The craters and recast materials

were observed on the machined surface. The recast layer

contains the elements of TiO, NiO, and ZrO2. Alidoosti

et al [39] exploited the EDM machining characteristics of

NiTi alloy by different tool electrodes. The full factorial

design results exhibited that the material removal rate of

NiTi for EDM process significantly related to the electro

discharge energy. The researcher claimed W-Cu tool elec-

trode have more work stability as compared to Cu elec-

trode. Chen et al [40] scrutinized the effect of the

machining parameters on shape memory alloys (TiNiX)

using electro- discharge machining process. Authors

investigated the microstructure, composition, hardness, and

roughness of EDMed surfaces of Ti50Ni49.5Cr0.5 and

Ti35.5Ni49.5Zr15 alloys. It was concluded that the thickness

of the recast layer varies with the pulse duration and pro-

vides the finest MRR.

Zinelis et al [41] evaluates the surface and elemental

alterations induced by EDM process on the dental cast

alloys. Figure 4 shows the cast model for dental implants. It

was observed that the machining surface by the EDM

process shows better results due to decomposition of the

dielectric fluid during spark erosion.

Theisen et al [22] employed the EDM process to char-

acterize the influence on the surface of the NiTi alloys.

Figure 5 shows the use of NiTi alloys for the coronary stent.

The MRR has increased proportional to discharge energy.

The sub-surface analysis such as melting zone and

microstructure were observed by the EDX analysis. The

Figure 3. Difficulties during machining of SMAs [36].

Figure 4. The completed cast model for dental application [41].
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supplementary finishing operations were performed to

eliminate the surface defects. Velmurugan et al [42]

reviews the effect of different parameters for the conven-

tional and non-conventional machining processes. The high

toughness, severe strain hardening, and fatigue property has

been affected during the conventional machining process. It

was also suggested that the coating on the tool electrode

improve the tool life and significantly reduces the

machining cost. Similarly, non-traditional machining pro-

cesses studied shows the improvement of surface-induced

properties after the machining. Manjaiah et al [43] reported
that the machining of SMAs was crucial by the old

machining processes that lead to the development of

advance machining processes such as EDM, LBM, ECM,

etc., it was suggested that the EDM and wire EDM pro-

cesses have high capability to machine shape memory alloy

to fabricate complex profile with a good surface finish.

4. Wire electrical discharge machining (Wire
WEDM)

Wire electrical discharge machining (Wire WEDM) pro-

cess is one of the variant methods of EDM process. The

Wire EDM process uses a wire as a cutting tool. Nowadays

wire is used in the fabrication of difficult geometries on the

advance materials. It is used in producing components of

complex shapes, very fine surface finish and better

dimensional accuracy [39, 40]. The wire diameter is as

small as 0.05-0.30 mm which can obtain very small corner

radii. In Wire EDM process there is no contact between the

workpiece material and the cutting tool that provide the

better machinability as compared to traditional processes

described by Ulutan et al [15] and Majumder et al [44].
Wire EDM is an advanced machining process usually done

in a submerged tank of dielectric fluid. The electrically

conductive tool electrode in the form of wire used for

machining. The smooth surface thus obtained requires no

further finishing [41, 45].

It is a thermoelectrical process and a wire is used as a

tool electrode. This vertical wire under tension is suspended

to wire supply wheels and guides of the wire control the

movement of the wire, numerically to achieve the desired

shape on the workpiece [46, 47]. The wire has a very small

diameter and travels vertically downward. The table moves

in the horizontal direction and the entire process is con-

trolled by a computer numerical control machine. As the

wire passes through the work piece, due to the voltage

difference, sparks are produced. A dielectric fluid is con-

tinuously sprayed at the machining zone through the noz-

zles on both sides of the workpiece that helps in washing

away the eroded particles [48, 49].

Figure 6 shows the working of the Wire EDM process.

There is various process parameters of a wire EDM pro-

cesses. These parameters need to be controlled during

machining, to achieve better productivity from the wire

EDM process.

The mechanism of material removal in the Wire EDM

process consists of the different stages as shown in Fig-

ure 7, like in stage 1 the conductive materials are machined

with a series of sparks that are produced by an accurately

positioned moving tool electrode and the workpiece mate-

rial. The direct current is discharged from the wire to the

work piece material with a very small spark gap through an

insulating dielectric fluid as shown in figure 7(a). In stage 2,

at a time, many sparks are produced. During pulse on time

(Ton) sparks are produced between workpiece material and

tool electrode and melting and vaporization take place in

material as shown in Figure 7(b). In stage 2, during Toff,

debris is flushed away from the cut with a stream of de-

ionized water through the top and bottom flushing nozzles

as shown in Figure 7(c). Figure 8 shows the different

properties of Wire EDM tool electrode. The types, elec-

trical, mechanical, and physical properties are also shown

in figure. To identify the optimum parameter conditions

various types of optimization tools were used such as the

design of experiments, response surface methodology, grey

relational analysis, Taguchi’s, artificial neural network, etc.

The cost of the process can be controlled by the effective

use of the optimisation technique [50, 51].

Figure 5. Application of NiTi-alloys in medical technology

(coronary stent) [22].

Figure 6. Working of Wire EDM process [49].
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5. Investigation of machining characteristics
of Shape memory on WEDM

Hsieh et al [14] conducted experiments on TiNiX (X=Zr,

Cr) alloys by wire EDM process. The tungsten arc melting

process was used to make the Ti35.5Ni49.5Zr15 and Ti50-
Ni49.5Zr0.5 alloys. Experimental results show that, higher

value of pulse duration affects the surface roughness TiNiX

alloys. Figure 9 shows, XRD graph of the machined surface

of prepared alloys. The characterization of machined

specimen exhibits a good shape recovery, but some defects

were observed due to depression of the recast layer. These

defects observed from the formation of the elements ZrO2,

TiO2, TiNiO3, Cr2O3 and tool electrode material in the

recast layer. Majumder et al [44] showed that wire EDM

characteristics for SMAs by DoE methodology. The pulse

on time, discharge current, wire feed, wire tension, and

fling pressure were selected as process parameter. The

GRNN and hybrid MOORA-Fuzzy analysis were used to

analyse the effect of machining parameter on surface

roughness and microhardness. The formation of the recast

layer on the machined surface seen some poke marks and

micro cracks on the machined surface.

Figure 7. (a) Volts and Amps produced by power supply, (b) Generation of sparks, (c) Flushing of machined materials and

(d) Filtration and reuse of dielectric [52].

Figure 8. Wire electrode performances for Wire EDM [53]. Figure 9. XRD patterns for (a) Ti 50Ni49.5Cr0.5 alloy and

(b) Ti35.5 Ni49.5 Zr15 alloy [44].
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Soni et al [54] reported that the cutting of shape memory

alloys has difficult by traditional processes viz. turning,

milling, etc. These processes may affect the internal prop-

erties and surface quality of alloys. It was proposed that

machining of SMA’s by non-conventional machining (Wire

EDM, WJM, and EDM) was more suitable. Authors have

also made a preliminary study of Ti50Ni45CO5 alloy by the

Wire EDM machining process using the DoE methodology.

After the experiments, the microstructure, surface topog-

raphy, XRD analysis, and residual stresses were analysed.

The high value of Ton and low value of SV created the

more melting drops and micro globules on surface.

Narendranath et al [55] identified the research gap from the

literatures and performed experiments on SMAs to inves-

tigate the optimum machining condition by using the

Box Behnken design optimization technique. The experi-

ments were performed on Ti50Ni42.4Cu7.6 alloy by molyb-

denum electrode to analysis the MRR and SR. The surface

defects such as minor size craters and globules of debris

were detected at the low value of current. The maximum

material removal rate was obtained at the interaction of low

Ip with low Ton.

Magabe et al [56] examined wire EDM machining

properties by develop mathematical algorithm to identify

the optimum values. The machining features such as MRR

and SR were measured based on process parameters. Fig-

ure 10 presents the methodology to perform the experi-

ments. The operation has performed on Ni55.8Ti alloy and

nondominated sorting genetic algorithm developed. The

improvement in surface quality (Rz, 6.20 lm) and pro-

ductivity (MRR,0.021 g/min).

et al [57] performed the experiments on Ni55.5Ti44.05
alloy by electric discharge wire cut (EDWC) process. The

increase in Ton shows that the increase in cutting speed and

SR respectively. SEM micrograph illustrates the presence

of surface defects in the form of micro-cracks, bulges of

debris and the re-solidified layer on surface. EDS analysis

depicts that the elements Cu, Zn and O of tool electrode

deposited on specimen and deposition of Ni and Ti ele-

ments on the tool electrode.

Shape memory alloys are extensively used for the med-

ical, aerospace, actuator, and machine tool industries. Liu

et al [58] reported that machining of SMAs has difficult due

to its superior properties. The author claimed that main cut

machining provides a better average roughness as com-

pared to trim cut. The thickness of the specimen also effects

the roughness of the material. LotfiNeyestanak et al [59]
suggested that the surface value mainly affected by the

homogenous mixture of alloy elements in the melted basin.

A thin penetrable layer with a thickness of 10 lm has

Figure 10. Sequence performed for the machining of Ni55.8Ti alloy [56].
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formed on the boundary of the melted basin and back-

ground. The experiments were performed on Nitinol 60

alloy. The shape recovery ability and microhardness have

been investigated. The property of the specimen was

analysed by XRD and EDXA. The authors claimed that the

change of surface occurred due to the penetration of the

separated materials of the workpiece.

Wang et al [60] conducted the experiment work on TiNi-

01 alloy grade using USV-MF complex assisted wire EDM-

LS to improve MRR and SR. Comparison of the experi-

mental results shows that USV-MF complex assisted can

significantly improve the efficiency and surface quality.

The used model was found a novel approach in the man-

ufacturing field for the machining of shape memory alloys.

The hybrid optimization techniques provide a model that

improve the machineability of wire EDM process.

Majumder et al [9] developed a model for a multivariate

hybrid approach to reduce the errors in the wire EDM

process. The developed model was VIKOR-Fuzzy using the

varying of the machining parameters to analyse the dif-

ferent surface characteristics of shape memory alloy which

helps the manufacturing industries. Manjaiah et al [61]

have tried to scrutinize the outcome of machining param-

eters viz. Ton, Toff, and SV for machining of Ti50Ni40Cu10

alloy by wire EDM process. The DoE approach was used to

perform tests. Based on the Quadratic models the effect of

input parameters has identified on MRR and SR. It was

found that the intersection of Ton and SV affected the

surface roughness. The higher value of Ton with the low

value of SV increases the surface roughness. The optimal

condition (Ton: 130 ls, Toff: 48 ls and 36.16 SV) were

identified to attain the better responses.

The fabrication of micro profile for medical applications

in SMAs is a challenging task.

Liu et al [62] performed a comparative analysis by using

the CH-oil and dielectric fluid during the machining of

shape memory alloy by wire EDM process. The machined

surface was examined from the main cut, trim cut and

finished trim cut and compared with the traditional pro-

cesses. Authors found that the main cuts provide the dis-

continuous and porous, thick white layer at high discharge

energy, that can be reduced at finish trim cut. It was

observed that the high element diffusion (Cu, Zn) occurred

at a main cut and the first trim cut, while the alloying effect

was minimal at finish trim cut. Manjaiah et al [63] analysed
the machining characteristics of TiNi alloys by wire EDM

process. The electrical factors (pulse duration, Toff and SV)

and non-electrical (flushing pressure and wire speed)

Figure 11. Experimental methodology used for WSEM of Ni55.8Ti [73].
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parameters have been considered for the experimental

work. Taguchi’s analysis reveals that a combination of

pulse duration (1 ls), Toff (3.8 ls), SV (40 V), flushing

pressure (1.89105 Pa) and wire speed (8 m/min) provides

the optimum condition for maximum MRR and minimum

SR. The high value of Toff shows the white layer formation

at the machined surface during the SEM analysis.

Soni et al [64] conducted experiments on Ti50Ni49Co1
alloy by implementing a two-process parameter experi-

mental design method to investigate the MRR and SR. The

surface crack density was measured for cutting speed. The

higher Ton leads to higher MRR during the operation while

cutting speed was poor when SV increased. The higher

value of Ton (215 ls) provides the poor surface quality of

the specimens, and the low vale of SV (20 V) provides

better surface quality. Sharma et al [65] studied that shape

memory alloy, mostly working in the medical field for

cardiovascular stents, orthopaedic implants, etc. The author

has attempted, an experimental work for NiTi alloy by wire

EDM process by adopting the multi-response optimization

technique. The percentage error also measures between the

experimental and predicted values. The white layer for-

mation and nonuniform surface area were also analysed on

the machined surface.

The surface integrity of the machined surface can be

controlled by the proper setting of the machining con-

straints. Shandilya et al [66] revealed an experimental work

by adopting one factor at a time technique to investigate the

effect of input parameters by using the wire EDM process.

The recast layer thickness and a foreign element atomic

content have been analysed on NiTi alloy.

Manjaiah et al [67] analysed the effects of machining

variables viz. Ton, Toff, and SV on SR and MRR during

wire EDM process of Ti50Ni50-xCux alloy. The zinc coated

brass wire were used as a tool electrode. The surface

structure of the machined surface was analysed through

XRD technique. The MRR and SR are largely influenced

by Ton and SV and Toff have a negligible effect. An

increased Ton value with a decrease in Toff value as well as

servo increases the MRR during machining. The recast

layer and globules were observed at high value of Ton (130

ls) with lower SV (20V). Manjaiah et al [68] experimented

to study the subsurface characteristic of Ti50Ni50-xCux

alloy by wire EDM process. It was found that the MRR and

SR were formed by Ton and SV. It may be due to higher

thermal conductivity during the machining. The high value

of Ton increases recast layer thickness this may be due to

longer pulse on time duration during the machining.

Bisaria and Shandilya [69] investigated the wire EDM

factors on the triangular profile of Ni50.89Ti49.11 SMAs. The

optimum value of the machining parameters was obtained

by one factor at a time approach. Figure 11 shows the

machined samples of wire EDM process. Researchers

reported that CE increased at higher spark on time value

and decrease with the higher value of spark off time. The

wire feed has obtained the insignificant parameter.T
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The selection of optimum machining setting is mean-

ingful to obtain the best output from the machine. Har-

govind et al [70] utilized the wire EDM process to optimize

the process parameters by grey relation grade approach.

The Ton 125 ls, Toff 42 ls, SV 40 V, SF 2180 mu and WS

4 m/min were obtained as the best optimum condition for

TiNiCo alloy. The hybrid optimization techniques effec-

tively worked for wire EDM process to identify the sig-

nificant value of MRR (6.864 mm3/min) and SR (2.74 lm).

Roy et al [71] experimented on Nitinol 60 SMA by wire

EDM process. Regression models have been developed

based on the design of experiment approach and Monte-

Carlo simulation model. Figure 11 shows the different

types of surface defects observed during the machining of

Nitinol 60 alloy. It was suggested that the surface rough-

ness can be controled by the control of flow rate.

Bisaria and Shandilya [72] exploited the experiment to

reveal the effect of discharge energy density, feed rate,

spark frequency, wire tension, and gap voltage of wire

EDM. The MRR, average crater depth and surface char-

acteristics of Ni55.95Ti44.05 alloy have been analysed. It was

observed that the high value of discharge energy density

provides the high MRR and crater depth. The XRD analysis

shows the presence of mitigation on the machined surface

such as Tio, Tio2, Cu, Zn, etc. Similar findings were

reported by Sharma et al [73] to describe the effect of

machine factors i.e., voltage, pulse on time and pulse off

time on Ni55.8Ti alloys for medical and engineering appli-

cations. They performed Wire EDM machining to analysis

the surface integrity by DoE approach. Figure 11 shows the

experimental methodology during the machining of

Ni55.8Ti alloy. The surface defects such as the formation of

cracks, globules and white layers were observed. The Ton

found the most important factor that affects the surface

roughness.

Liu et al [74] used wire EDM techniques to machine

Nitinol alloy by two cut such as main cut and trim cut. It

was detected that the trim cut provides better surface

integrity and less surface roughness as compared to

machine by the main cut. The specimen shows that the trim

cut has 48% mores fatigue life than sample main cut. Also,

the thin white layer and less tensile stress benefit for fatigue

performance that was obtained by trim cut.

In another experimental plan by Takale et al [75] per-
formed on Ti49.4Ni50.6 SMAs to make it suitable for the

biocompatibility application. The machining parameters

were optimized to achieve the optimum machining condi-

tion for MRR and SR. It was observed that heat treatment

like annealing was found appropriate method to improve

shape memory effect (SME) of wire EDM machined

materials. Wire EDM optimum machining parameters were

observed (Ton: 115ls, Toff: 40 ls, Voltage: 90 V, WF: 6

m/min and WT: 6 N). It was claimed by the researcher that

Ti49.4Ni50.6 has suitable for the orthopaedic implant as

Table 2. The observed shape recovery near EDM/Wire EDM machined surface of SMAs.

Author

Type of SMA’s

Shape memory (%)

Bending strain

Shape memory Alloys es= 2% es =5% es =8%

Huang et al [27] Ti50Ni50 100 100 95

Ti50Ni50 (EDM) 95 87 67

Ti50 Ni49.5 Cr0.5 100 100 94

Ti50 Ni49.5Cr0.5 (EDM) 94 84 65

Shape recovery (%)

es= 3% es =5% es =8%

Hsieh et al [14] Ti35.5Ni49.5Zr15 (as annealed) 100 100 88

Ti35.5Ni49.5Zr15 (WEDMed) 100 99 85

Ti50Ni49.5Cr0.5 (as annealed) 100 100 90

Ti50Ni49.5Cr0.5 (WEDMed) 100 99 86

Shape recovery (%)

es = 3% es =6% es =12%

Lin et al [37] Ti50Ni50 (as-annealed) 100 100 86

T Ti50Ni50 (EDM) 100 98 75

Ti50Ni51 (as annealed) 100 100 87

Ti50Ni51 (EDM) 100 99 75.5

Ti50Ni40Cu10 (as annealed) 100 100 86.5

Ti50Ni40Cu10 (EDM) 100 98 74
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compared to other implant materials like Ti and SS316L.

The EDS analysis results show the migrated elements on

the workpiece surface of tool electrode and vice versa. Soni

et al [76] exploited the Ti50Ni40Co10 alloy to identify the

effect on MRR and SR for wire EDM process. The Ton,

Toff, and SV have found a significant effect on the MRR

and SR. As the increase in Ton the MRR and SR were

increased and decreases when the value of Toff and SV has

increased. The surface defects viz. micro-cracks and micro-

voids were observed at a higher value of Ton (125 ls) and
at lower value of voltage (20 V).

6. Other machining processes for machining
of shape memory alloy

Ni-Ti, a shape memory alloy (SMA), can recover from

deformation to its initial shape when heated. With using

this effect, Ni-Ti SMA is applied for several industries such

as a medical industry, an aerospace, electrical application

on a part of microstructure. The Ni-Ti alloy used for SMA

is composed of approximately 56% nickel and 44% tita-

nium. With this composition, Ni-Ti alloy cannot be

machined efficiently using traditional machining tools and

methods such as the lathe, milling, and drilling because it

shares the poor heat dispersion characteristics of titanium.

The other non-conventional machining process like

Laser processing, additive manufacturing, ECM, etc. are

also utilized to perform the machining on shape memory

alloy [79]. Kaynak [80] analysed the tool wear, surface

topography and XRD during the machining on ausrenitic

NiTi alloy. The machining is performed under dry, MQL

and cryogenic cooling condition at varying parameters

during turning process. Kaya et al [81] performed turning

operation by polycrystalline diamond (PCD) and poly-

crystalline cubic boron nitride (PCBN) cutting toll on NiTi

shape memory alloy. The effect of process parameters on

the cutting speed has been investigated. It was suggested

that the productivity has increased regarding longer tool

life. Lee et al [82] examined the machining of NiTi by

electrochemical micro machining (EMM). An evaluation of

various machining parameters has been considered while

machining by EMM. Such as different types of power

source and machining time. The simulation work has been

also performed.

Craciunescu et al [83] used laser beam radiation to

machine the Ni-Mn-Ga polycrystalline ferromagnetic shape

memory alloy. GSI JK300 HP pulsed-wave solid-state laser

of maximum average power output 300 W was used for

interaction. The surface measurement of the machined

specimen was also performed. Li et al [84] performed

operation by laser cutting of NiTi shape memory alloys.

High Femtosecond laser cutting was used to obtain the

process output with precision, recast-free, and high-quality

components, which can be obtained by using the optimal

process of sideways movement. Pfeifer et al [85] examined

the pulsed Nd:YAG laser cutting of Nitinol for medical

applications. It was reported by the authors that pulsed

Nd:YAG gave lower surface roughness than continuous

wave (CW) laser machining. Authors have also put in

efforts to enhance the characteristics of advanced machin-

ing processes by adopting the advanced optimization

techniques [86–88]. Tung et al [89] scrutinized the laser

machining of NiTi to the produced actuators for active

catheters. Authors have fabricated 1.5 mm long actuators

that show superior fatigue properties, also generate the

forces of 1-2 N at 20% elongation by using an iterative

rapid design process. Yung et al [90] tested on laser micro-

cutting of NiTi SMA by using 355 nm Nd:YAG and

studied the kerf profile. The effect of process parameters

has been investigated for the enhancement of cutting

quality and kerf profile. Kong et al [91] used abrasive

water jet machining of NiTi SMAs that contained through

cutting, countersinking, and milling of SMAs. The process

parameters of AJM i.e., nozzle diameter, hole diameter, jet

angle, and taper countersunk hole have been used for

machining and the contamination level of grit embedment

was observed high in the corner region and lower in the

middle region.

7. Conclusion and future scope

Based on the review of the various articles on the

machining of shape memory by electrical discharge

machining process and wire electrical discharge machining

process, the following conclusions and future scope have

been given.

• The machining of shape memory alloys by conven-

tional machining process is very difficult due to rapid

tool wear and large burr formation. That lead to the

development of non-conventional machining

processes.

• The consolidated contribution of the researcher has

been segregated and shown in table 1. Table 1 presents

the various machining characteristics of SMAs for

biomedical and industrial applications. The consoli-

dated contributions of researchers show that the

selection of proper input parameters plays a significant

role to achieve the better machinability of SMAs.

Table 1 depicts the input parameters of EDM/wire

EDM machining and that most of the researcher paid

attention to the machining parameters viz. pulse on

time, pulse off time, peak current, wire feed, wire

tension, etc.

• The research work by using nonelectrical parameters

such as flushing pressure and tool electrode has been

reported less as compared to electrical parameters. The

surface roughness, material removal rate, tool wear

rate, kerf width, and microhardness were considered
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the response (output) parameters. The material char-

acterisation was observed by the SEM, X-ray diffrac-

tion, EDS tools. The different types of surface cracks

were identified such as cracks, voids, size of the crack,

recast layer formation on machining surface, white

layer, distribution of craters on the surface, etc. Table 2

shows the SMAs characteristics after the machining by

the EDM/wire EDM process. The shape recovery has

been measured by the researcher. The shape recovery

at 2%, 3%, 5%, 6%, 8%, 12% bending strain has been

measured and at 3% bending strain shows the perfect

shape recovery of the machined alloys. After that, the

slight reduction was observed at the higher side of the

bending strain. The researcher observed that the shape

recovery at higher bending strain is affected by the

formation of oxides and carbides at the machining zone

and it reduced by the recast layer thickness at the

machined surface.

• The machining of the shape memory alloys has been

performed by the response surface methodology,

Taguchi’s and artificial neural network techniques.

The effect of machining parameters on the response

was found out by the optimization techniques and the

optimum machining conditions were identified. The

authors also suggested that the simulation techniques

can be applied to reduce the time and cost.

• The literature review presented above shows that most

of the research work done based on the design of

experiment methodology. The newly optimization

advance techniques such as hybrid MOORA-Fuzzy

approach, fuzzy logic, particle swarm optimization

(PSO), genetic algorithm, hybrid techniques can be

executed as future work.

• The most research work was carried out to analyse the

effect of parameters on the material removal rate and

surface roughness only. The other responses such as

finishing for complex geometry, tool wear rate,

dimensional deviation can be considered for the

research point of view. Also, there is a need to identify

the effect of other machining parameters viz. use of

nanoparticle in dielectric fluid, current, voltage, polar-

ity of an electrode, wire speed to identify the optimum

machining characteristics.

• The data optimum parameters setting for EDM/wire

EDM process used to promote manufacturing effi-

ciency. The analysis of shape memory effect, surface

integrity is another area of research. The fabrication of

shape memory alloys is also an interesting field of

research. The optimum machining characteristics data

of EDM/wire EDM process can be utilized for the

industries.

• The effect of the relationship between thermal damage

and surface integrity needs to determinethe fatigue life

of critical parts for the biomedical implants. The

application of SMAs is more expected in the medical

field in the future.
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