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a b s t r a c t

Excellent characteristics of Nitinol shape memory alloys (SMAs) makes them favourable for

use in industrial applications. Precision machining of such advanced alloys becomes a key

requirement for industrial applications. Conventional machining processes imposes many

difficulties for nitinol SMAs. Electrical discharge machining (EDM) process is appropriate

for fabricating intricate and complex profile geometries and also provides a better alter-

native for difficult-to-cut materials. Addition of nano-particles in an appropriate amount in

the dielectric fluid improves the machining by producing good dimensional accuracy,

higher productivity, and good surface finish for machining of newly developed advanced

alloys. The current study investigated the performance of powder-mixed EDM of nitinol

SMA with the considerations of design variables of current, pulse-on-time (Ton), nano-

graphene powder concentration (PC), and pulse-off-time (Toff) on surface roughness,

dimensional deviation (DD), and material removal rate (MRR). Taguchi's L9 (3^4) design was

employed to perform the experiments and Minitab 17 software was used for statistical

analysis of design variables using ANOVA, residual plots, and main effect plots. ANOVA

results depicted that PC, Ton, and Toff were identified to be the highest contributing pa-

rameters with 75.18%, 29.37%, and 45.72% to affect MRR, SR, and DD, respectively. Obtained

results has depicted a preferred combined positive trend of increase in MRR with a

simultaneous drop in SR and DD after the addition of nano-graphene PC. HST algorithm

was used to optimize single and multiple responses. Validation trials were also conducted

to reveal the ability and suitability of the HTS technique. Field emission scanning electron
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microscopy revealed the minor occurrence of resolidified debris particles, globules, micro-

pores, and micro-cracks after the addition of nano-graphene PC at 2 g/L.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Excellent characteristics of shape memory alloys (SMAs) of

Pseudoelasticity, Superelasticity, and shape memory effect

(SME) makes them favourable choice for their use in various

applications [1]. Chaudhari et al. [2] reported the applications

of SMAs of biomedical devices, aerospace components, actu-

ators, automotive components, and other manufacturing in-

dustries. Arne €Olander has found SME in AueCd alloys [3].

Among the several available SMAs of CoeAl, CueZn,

FeeMneSi, NieTi, nickel-titanium (usually known as nitinol)

SMA became prevalent owing to their unique properties [4].

The use of Fe-based and Cu-based SMAs was constrained in

certain areas owing to their instability, and poor thermo-

mechanic performance [5]. Apart from Pseudoelasticity,

Superelasticity, and shape memory effect (SME), Nitinol SMA

possesses excellent biocompatibility, and resistance to

corrosion andwear [6]. Khanna et al. [7] reported experimental

studies which has proven the energy storage capabilities of

nitinol SMA. Demand for SMAs was increased rapidly after

realizing their potential to maintain their initial shape even

after the plastic deformation [8]. Nitinol can come back to its

original shape by means of heating to its required trans-

formation temperature. Nitinol consists of almost the same

composition of nickel and titaniumelements due towhich it is

treated as a binary alloy. Precise machining of such advanced

alloys becomes a key requirement in many industrial appli-

cations [9]. Conventional machining processes impose many

difficulties due to high ductility, high toughness, Pseudoelas-

ticity, and high chemical reactivity during the machining of

nitinol [10]. Khanna et al. [11] has shown the formation of

protective TiO2 layer on machined surface of nitinol SMA.

Traditional machining further imposes machining difficulties

like excessive tool wear, lower cutting efficiency, poor chip

breaking, burr formation, poor surface quality, etc. [12].

Sharma et al. [13] concluded that conventional machining of

nitinol diminishes its properties and discharges Niþ ions.

Non-traditional machining processes are preferable for the

precisemachining of SMAs. EDM is one such technique which

is capable of producing good dimensional accuracy along with

higher productivity, and good surface finish for machining of

newly developed advanced alloys. EDM process consists of

non-contact operation among electrode and works material

wherein, the material gets eroded using recurring spark [14].

Tool and work materials are submerged in dielectric fluid

during erosion of workmaterial. The non-contact operation of

the EDM process enables it to employ any conductive mate-

rials irrespective of metallurgical and physical properties [15].

EDM process is largely suitable for fabricating intricate and

complex profile geometries and also provides a better alter-

native for difficult-to-cut materials [16]WE. For obtaining the
intricate geometries roundness also referred to as dimen-

sional deviation (DD) considered a key design variable during

the EDM process. Parsana et al. [17] carried out a research

study by considering pulse-on-time (Ton), current, and pulse-

off-time (Toff) to be the most dominating design variables

with dimensional deviation (DD), andmaterial removal rate to

be the responses for the EDM method. They observed that Ton

was having significant contributors to obtaining higher MRR,

while the current was having a significant impact on DD. Re-

sults depicted the conflicting situation for design variables for

achieving all the responses. So, they utilized the optimization

technique to resolve it. They observed that a challenging task

during the EDM process was to minimize DD as eroded par-

ticles from work material get impinged and subsequently in-

crease DD. Bisaria and Shandiya [18] employed the EDM

process for Nitinol SMA by considering the spark gap, wire

tension, Ton, and Toff, as design variables for output charac-

teristics of surface roughness (SR), and MRR. Precise

machining for nitinol SMA was demonstrated by considering

the major contributions of Ton, spark gap, and Toff for attain-

ing the greater MRR and lesser SR.

High-frequency sparks generate higher temperatures

which in turn produces numerous defects on the machined

surfaces such as higher SR, debris deposition, increasing DD,

formation of cracks and pores, and thereby giving low effi-

ciency [19]. A solution pertaining to the enhancement in

achieving higher MRR, minimizing SR, DD, and minimizing

other surface defects are of large importance. One of the

efficient ways of doing this is to add nano-powders in an

appropriate amount in the dielectric fluid to enhance

machining [20]. The addition of an appropriate amount of

nano-powder in the dielectric fluid increases thermal con-

ductivity and surface quality [21]. Researchers employed

numerous different nano-powders like Si, Cu, Al, CNT, Al2O3,

Gr, Mo, etc. to enhance the machining operations [22]. Multi-

ple characteristics of powder-like size, conductivities and

density are crucial for its performance. It has been observed

that surface characteristics of the EDM process improve with

the inclusion of nano-particles in the dielectric fluid [23].

Insertion of nano-particles reduces SR, micro-cracks, micro-

pores, and DD of the PMEDM method. A study reported by

Aliyu et al. [19] concluded that mandatory conditions for

biomedical implants of the best surface finish can be achieved

by the use of the PMEDM process. In study conducted by

Karimi et al. [24], graphene nanomaterials has been used for

the development of DNA sensors. It has been observed that

large surface area of graphene and unique bonded network

makes it favourable material for biomolecule detections and

electronic devices. A study conducted by Ali et al. [25]

observed a reduction of micro-cracks along with enhance-

ment of corrosion resistance by using the PMEDM process for
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biomaterials. Kashif et al. [26] conducted experiments on ti-

tanium alloy by using a nano-graphene mixed EDM process

for investigation of dimensional accuracy. Results depicted

that use of nano-graphene significantly reduces both the axial

and radial DD. Rouniyar and Shandilya [27] developed an

empirical model and employed the PMEDM process for mini-

mizing the DD by selecting the Ton, current, Toff, and nano-

powder as design parameters. The current was obtained as

the most desirable factor over other variables for minimizing

the DD followed by Ton, and amount of powder. Sahu and

Mandal [28] used the alumina and graphite PMEDM process to

improve machining performance and dimensional accuracy.

SR was found to be improved by the use of both alumina and

graphite PMEDM. Other surface properties such as surface

cracks, recast layer were improved only for graphite PMEDM

while performance of these surface characteristics were

reduced for alumina PMEDM process. Results obtained for DD

was revealed that use of graphite PMEDM was given concen-

trated circularity i.e. least DD owing to the constant sparking

dispersal of the graphite PMEDM process. Zhou et al. [29] has

used nitrogen-doped graphene as one of the chemical for

preparation of a z-scheme photocatalyst. Davis et al. [30] used

the powder-mixed EDM method to improve the surface

properties of biocompatible Mg alloy by varying powder con-

centration from 0 g/L to 8 g/L. Their results have shown a

substantial drop in DD and increment in the MRRwith the use

of Zn powder amount of 4 g/L. Comparison with brass and

copper tool has resulted an improved responses for copper

electrode. An extensive improvements in the form of reduc-

tion in resolidified debris, cracks and pores were detected for

PMEDM at amount of 4 g/L. Goyal et al. [31] implemented

Taguchi's 27 design to investigate the performance of nano-

graphene PMEDM for Inconel 718. Effect of design variables

of Ton, current, and Toff were studied on responses of SR and

circularity. Results has shown that current was having sig-

nificant contributor for obtaining lower SR with 54.96%

contribution and Ton was having significant impact on circu-

larity with 50.93% contribution. Comparison of conventional

EDM performance with nano-graphene PMEDM has resulted

in 12.27% and 32.91% superior performance for SR and circu-

larity respectively by using nano-graphene PMEDM. The

studied literature suggests that the use of PMEDM particularly

nano-graphene enhances the machining performance by

simultaneously reducing the surface irregularities.

EDM process consists of numerousmachining variables and

responses. It is always desired to have the appropriate combi-

nation of process parameters at specified levels to accomplish

different contradictory responses [32]. This can be attained by

generating a single objective function is generated from the

multi-response function which consists of contradictory re-

sponses. Though, allocation of weights to objective function

might differ from the use of operator and designer. Therefore, it

is required to find a complete set of solutions that will resolve

the limitation of allocation of weight. Pareto fronts are capable

of giving a complete set of solutions [33]. Obtained solutions

from Pareto fronts are non-dominated solutions that are trade-

offs among the contradictory responses [34]. This can be solved

by implementing evolutionary optimization methods such as

genetic algorithm, and ant colony algorithm. Evolutionary al-

gorithms function underneath the algorithm-specific assigned
values. It requires the accurate command of variables which

directs the fulfilment of the algorithm [35]. Researchers have

developed new algorithms where regulation of algorithm-

specific variables is non-essential. The heat transfer search

(HTS) algorithm represents the parameterless method that es-

tablishes improved convergence in the direction of final out-

comes. HTS algorithm is fast and easy to implement. It has

been applied in multiple fields to solve complex problems of

manufacturing and other disciplines. Fuse et al. [36] used the

HTS algorithm for abrasive waterjetmachining of Ti6Al4V alloy

and depicted that the HTS algorithmwas capable of optimizing

and predicting the responses conveniently. Raja et al. [37] ob-

tained an optimized solution for the fin-tube heat exchanger by

reducing the total cost with the implementation of the HTS

technique. Chaudhari et al. [38] effectively employed the HTS

method to optimize theWEDMdesign variables of nitinol SMA.

They developed and obtained non-dominated Pareto fronts

which were considered to be a trade-off among the contradic-

tory responses. Pareto fronts were found to be giving accurate

and robust results with the least deviation among their pre-

dicted and actual values. As per the previous studies re-

searchers, very limited studieswere reported to understand the

combined effect of design variables using the PMEDM method

for processing Nitinol SMA. To the best of the authors' knowl-

edge, multi-objective optimization using the HTS technique

and the significance nano-graphene powder during EDM pro-

cess for nitinol SMA not yet conveyed to study combined re-

sponses of MRR, SR, and DD.

Nitinol SMA was treated through a nano-graphene mixed

EDM process by selecting Ton, current, and Toff as design

variables, and MRR, SR, and DD were selected as response

variables. Taguchi's L9 (3^4) design was employed to perform

the experiments and Minitab 17 software was used for sta-

tistical analysis of design variables using ANOVA, residua

plots, and main effect plots. HST algorithm was used to opti-

mize single and multiple responses. Non-dominated Pareto

fronts which give a trade-off among the contradictory re-

sponses were developed by using the HTS method to obtain a

complete set of solutions. Validation trials were also con-

ducted to reveal the ability and suitability of the HTS tech-

nique. Field emission scanning electron microscopy (FESEM)

was utilized to explain the influence of nano-graphene parti-

cles on the surface morphology of the machined surface.
2. Materials and methods

In the current study, section 2 describes the method for the

preparation of nano-graphene powder, experimental plan of

PMEDM process, methods to determine the responses, and

information pertaining to the selected HTS algorithm.

2.1. Preparation of nano-graphene

Nano-graphene powder concentration has been used in cur-

rent study to investigate the performance on response mea-

sures of EDM. Graphite (Gr ~325 mesh), sulfuric acid,

hydrochloric acid, sodium nitrate, hydrogen peroxide and

potassiumpermanganatewere purchased fromSigmaAldrich

Inc. All of the chemical compounds were analytic grade and
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Fig. 1 e Cut specimens as per L9 design.
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were utilized without additional purification. A modified

Hummers process was used to prepare graphene oxide from

graphite flakes. In an ice bath for 5 h, 2.0 g of graphite, 2.0 g of

sodiumnitrate, and 100mL of sulfuric acid (conc.) weremixed.

The solution was then gradually supplemented with 12.0 g of

potassium permanganate. After that, the ice bath was with-

drawn, and the suspension was agitated for two days in a row.

Further, the suspension was kept in an oil bath at 95 �C for

45 min after adding 200 mL of distilled water. The resulting

suspension was then transferred to 100 mL Teflon-lined

stainless-steel autoclaves for a 12 h hydrothermal reaction

at 150 �C. Finally, the obtained suspension was rinsed

numerous times with distilled water and ethanol. After

washing, the sample was dried in a vacuum oven at 60 �C
overnight to obtain graphene nanopowder. The morpholog-

ical and structural studies of as-synthesized nano-graphene

were carried out using by FESEM (Zeiss Ultra 55, Bangalore,

India), and micro-Raman spectroscopy (Renishaw in Via

Raman microscope, Pune, India).

2.2. Experimental plan and details

Sparkonixmakes die-sinking EDM (Sparkonix S-50, Pune, India)

was employed to conduct the experiments on nitinol SMAwith

EDM oil as dielectric fluid. The elemental composition of the

selected work material consists of the nickel content of 555.8%

and titanium as a reminder. The density of the nitinol was

recorded tobe6.45g/cc.Electrolyticcopperwasselectedasa tool

material having a 10 mm diameter. A variable amount of pow-

der concentration (PC) i.e. nano-graphenewasmixedwith EDM

oil in the working tank. Apart from PC, other dominating EDM

parameters of Ton, current and Toff were considered as design

variables. MRR, SR, and DDwere selected as response variables.

A positive and negative polarity was given to the work and tool

material respectivelywith a constant gapvoltage of 70V.Afixed

cutting depth of 2 mm and a spark gap of 0.01 mmwere main-

tained for all the experiments. Taguchi's DOE was employed to

perform the experiments. As Taguchi'smethodology provides a

robust experimentalmatrix by giving the least possible trials for

better results, it is usedwidely inmanymanufacturing systems.

Taguchi enables the user to analyse the effect of machining

variables for selected responses with the least possible trials

thereby saving time and cost [39]. Taguchi's L9 (3^4) design was

developedbyemployingMinitab17software. Table1 represents

the elected levels for design variables. Fig. 1 shows the cut

specimens as per the L9 approach. Minitab 17 was further uti-

lized for generating theANOVA forMRR, SR, andDD, and also to

recognize the influence of design variables on responses.

The erosion of workmaterial during each runwas evaluated

in (mg/min) by taking the ratio of difference of material weight

before and after the process to consumed time. The machined
Table 1 e EDM parameters with actual values.

Input variables Values

Ton (ms) 3, 6, 9

Toff (ms) 2, 5, 8

Current (A) 5, 10, 15

PC (g/L) 0, 1, 2
quality of the product depends on themagnitude of the average

SR. SRmeasurement at three locationswas carried out by using

a profilometer SJ-410 (Mitutoyo ltd., New-Delhi, India). The

average value of these measured locations was considered for

examination. Dimensional deviation (DD) was assessed by

using an optical microscope (Olympus, Gurgaon, India). The

difference between tool diameter and the actual diameter of

the obtained hole represents the magnitude of DD. The diam-

eter of the tool represents the ideal diameter.

2.3. HTS algorithm

Concept-based on the heat transfer principle to reach thermal

equilibrium has been utilized by Vivek and Vimal [40] for the

generation of the HTS algorithm. HTS obtains an equilibrium

condition with a heat transfer medium between the system

and its surrounding. The well-known conduction, convection,

and radiation principles were used to reach the thermal equi-

librium condition. The available three heat transfer medium

gets equal chances for heat transfer and then any one of the

modes gets selected randomly during each generation. During

the execution, ‘n’ a number of molecules were elected by the

system termed population size. Further, a random selection of

temperature i.e. design variables by system gets completed for

every generation. This method keeps on repeating in every

generation to update the population by randomly electing the

mode of heat transfer principle. Solution with good functional

value gets selected and poor solutions are then replaced by

improved solution in subsequent population. Fig. 2 shows an

operating process for the HTS technique.

2.3.1. Heat transfer by conduction mode
The system uses equations [1,2] to improve the solutions by

conduction mode of heat transfer.

X0
j;i ¼

(
Xk;i þ

�� R2Xk;i

�
; iff

�
Xj

�
> fðXkÞ

Xj;i þ
�� R2Xj;i

�
; iff

�
Xj

�
< fðXkÞ ; ifg � gmax

�
CDF (1)

https://doi.org/10.1016/j.jmrt.2022.05.076
https://doi.org/10.1016/j.jmrt.2022.05.076


Fig. 2 e Operating process for HTS technique.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 6 5 3e6 6 8 657
X0
j;i ¼

Xk;i þ � riXk;i ; iff Xj > fðXkÞ
Xj;i þ

�� riXj;i

�
; iff

�
Xj

�
< fðXkÞ ; ifg>gmax

�
CDF (2)
� � � � �

2.3.2. Heat transfer by convection mode
The system uses equations [3,4] to improve the solutions by

convection mode of heat transfer.

X0
j;i ¼Xj;i þR� ðXs �Xms �TCFÞ (3)

TCF¼

8>><
>>:

absðR� riÞ; ifg � gmax
�
COF

roundð1þ riÞ; ifg> gmax
�
COF

(4)

2.3.3. Heat transfer by radiation mode
The system uses equations [5,6] to improve the solutions by

convection mode of heat transfer.

X0
j;i ¼

�
Xj;i þ R� �

Xk;i � Xj;i

�
; iff

�
Xj

�
> fðXkÞ

Xj;i þ R� �
Xj;i � Xk;i

�
; iff

�
Xj

�
< fðXkÞ ; ifg � gmax

�
RDF (5)

X0
j;i ¼

�
Xj;i þ ri �

�
Xk;i � Xj;i

�
; iff

�
Xj

�
> fðXkÞ

Xj;i þ ri �
�
Xj;i � Xk;i

�
; iff

�
Xj

�
< fðXkÞ ; ifg>gmax

�
RDF (6)

3. Results and discussion

Themeasured values of MRR, SR, and DD at the corresponding

design variables by following Taguchi's L9 design were pre-

sented in Table 2. Measured responses shown in Table 2

represent the average of three runs to get more reliable data.
3.1. Morphological and structural studies of
nano-graphene

The modified hummer process, in conjunction with the

hydrothermal procedure, induces stress on the natural

graphite flakes, which is transmitted across the sp2 hy-

bridized carbons present in the graphene layers, weak-

ening the van der Waals force that unites the graphene

layers as stacked layers. As observed from the literature,

hydrothermal can be applied to prepare graphene with

high efficiency [41e43]. Fig. 3 shows a FESEM micrograph

of graphene nanopowder prepared by modified Hummer's
process. A large area with wrinkles on the surface was

observed with a thickness of about 10 ± 5 nm and a sheet

length of 400e600 nm. As illustrated in Fig. 3b, Raman

spectroscopy was used to analyse the structural properties

of graphene nanopowder. The main Raman peaks of gra-

phene and graphite were 1586 cm�1, 2709 cm�1 and

1356 cm�1, and 1582 cm�1 and 2722 cm�1, respectively.

The existence of a 2D band is one of the major charac-

teristics of natural graphite and graphene. The number of

graphene layers may be deduced from the position and

form of the 2D band. In comparison to natural graphite,

graphene exhibits a redshift in the 2D band. The Raman

spectra in Fig. 3b reveal a 2D band structure typical of a

few layers of the graphene sheet, as well as some defects

indicated by the D band. These defects can be attributed

to the exfoliation occurring during the hydrothermal pro-

cess [44]. The technique enables the production of large-

scale quality graphene nanopowder using a low-cost

technique.
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Fig. 3 e (a) FE-SEM of optimized graphene nanopowder (b) Raman profile of graphene synthesizes using the hydrothermal

technique.

Table 3 e ANOVA for MRR.

Source DF SS MS F P % Contr.

Regression 4 1369.09 342.27 53.10 0.001

Ton 1 87.67 87.67 13.60 0.021 6.28

Toff 1 229.05 229.05 35.53 0.004 16.42

PC 1 1048.32 1048.32 162.63 0.000 75.18

Current 1 4.05 4.05 0.63 0.472 0.29

Error 4 25.78 6.45 1.83

Total 8 1394.88

Table 2 e Experimental results as per Taguchi's L9 Design.

Run
Order

Ton (ms) Toff (ms) PC (g/L) Current (A) MRR (mg/min) SR (mm) DD (mm)

1 3 2 0 5 25.45 3.04 101.21

2 3 5 1 10 34.71 2.98 97.75

3 3 8 2 15 41.17 2.83 92.75

4 6 2 1 15 48.83 3.17 111.3

5 6 5 2 5 51.85 2.9 92.95

6 6 8 0 10 21.31 3.07 98.75

7 9 2 2 10 60.86 3.19 105

8 9 5 0 15 27.81 3.45 107.5

9 9 8 1 5 35.59 2.92 95.55
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3.2. Regression equations

To evaluate the responses outside the L9 matrix, multivariable

correlations amongst the MRR, SR and DD throughmachining

variables were determined by using regression equations

[7e9] respectively. Minitab v17 software was used for the

generation of these equations.

MRR ¼26:42þ 1:274,Ton � 2:06,Toff þ 13:22,PC

þ 0:164,Current (7)

SR ¼2:896þ 0:03944,Ton � 0:03222,Toff � 0:1067,PC

þ 0:01967,Current (8)

DD ¼ 98:83þ 0:908,Ton � 1:692,Toff � 2:793,PC

þ 0:728,Current (9)

3.3. Analysis of variance of MRR, SR, and DD

For statistical analysis, ANOVA was employed, which indi-

cated the impact of machining factors on output character-

istics. Minitab v17 was utilized for generating the equations

and ANOVA analysis. The relevance of the variables was

assessed at a 95% significance level, which is necessary for

identifying relevance model terms. A P-value lower than 0.05

suggests that the particular machining variable was having an

important effect on deciding the value of the respective
response [45]. Imoisili and Jen [46] used similar analysis for

modeling of impact strength of hybrid nanocomposites. Table

3 represents ANOVA statistics for MRR. The regression model

with an F-value of 53.10 and subsequently lower p-value than

0.05 depicts that the entire model term was significant for

MRR. This analysis was in line with the study reported by Shi

et al. [47] for ultrasound assisted removal of Ceftriaxone so-

dium. In addition to this, design variables namely Ton, Toff,

and PC were found to have a significant impact on deciding

the MRR value as their p-value was found to be lower than

0.05. From the design variables, the largest f-value of 162.63 for

PC signifies that nano-graphene PC was having the highest

contributor (75.18%) to affect MRR. After PC, pulse durations

i.e. Ton and Toff have displayed involvement of 6.28% and

16.42% respectively. The current was not having any sub-

stantial effect on changing the MRR values with minor
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Table 5 e ANOVA for DD.

Source DF SS MS F P % Contr.

Regression 4 325.45 81.362 25.42 0.004

Ton 1 44.50 44.499 13.90 0.020 13.16

Toff 1 154.64 154.635 48.32 0.002 45.72

PC 1 46.82 46.82 14.63 0.019 13.84

Current 1 79.50 79.50 24.84 0.008 23.50

Error 4 12.80 3.78

Total 8 338.25
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involvement of 0.29%. Minor involvement of error suggests

that the model cannot predict only 1.83% of the variation. R2

values were used to define the adequacy of the proposed

model [48]. R2 and adj. R2 was found to be near unity with

values of 0.9815 and 0.9630 respectively. Negligible deviance

between R2 and Adj. R2 recommends the fitness of the model

for present data and the prediction of new observations. Shi

et al. [47] has confirmed the validation of their study with R2

value close to unity. The least value of standard deviationwith

1.5389 signifies that MRR can show a maximum deviation of

only 1.5389 mg/min. This determines that the regression

equation for MRR represented in eq. (7) is appropriate for

predicting response values inside the selected range.

Table 4 represents the statistical analysis with ANOVA for

SR. All design variables including the regression model term

were having a large impact on deciding SR values. The highest

f-value with 17.04 signifies that Ton was having large

contributor (29.37%) followed by PC (23.86%), current (20.28%),

and Toff (19.59%). Error term was not having any substantial

effect on DD values withminor involvement of 6.89%. Further,

the adequacy of the proposedmodel was shown by evaluating

R2 values. For SR, R2 and adjusted R2 were close to unity with

values of 0.9811 and 0.9621 respectively. Negligible deviance

between R2 and Adj. R2 recommends the fitness of the model

for present data and the prediction of new observations. A

lower standard deviation of 0.0217 signifies that SR can show a

maximum deviation of only 0.0217 mm. All these results for SR

determine that the regression equation represented in eq. (8)

is appropriate for predicting response values inside the

selected range.

ANOVA statistics for DD were represented in Table 5. The

regression model with an F-value of 25.42 and subsequently

lower p-value of 0.004 depicts that the entire model term was

significant for SR. In addition to this, all selected design vari-

ables namely Ton, Toff, PC, and Current were found to have a

significant impact on deciding the SR value as their p-value

was found to be lower than 0.05. From the design variables,

the largest f-value of 48.32 for Toff signifies that current was

has the highest contributor (45.72%) to affect DD. After Toff,

other design variables i.e. current, PC, and Ton have displayed

involvement of 23.50%, 13.84, and 13.16% respectively. Minor

involvement of error suggests that the model cannot predict

only 3.78% of the variation. R2 values were used to define the

adequacy of the proposed model. R2 and adj. R2 was found to

be near unity with values of 0.9622 and 0.9243 respectively.

Negligible deviance between R2 and Adj. R2 recommends the

fitness of themodel for present data and the prediction of new

observations. A lower standard deviation of 1.7898 signifies
Table 4 e ANOVA for SR.

Source DF SS MS F P % Contr.

Regression 4 0.26637 0.066592 13.51 0.014

Ton 1 0.08402 0.084017 17.04 0.015 29.37

Toff 1 0.05607 0.056067 11.37 0.028 19.59

PC 1 0.06827 0.068267 13.85 0.020 23.86

Current 1 0.05802 0.058017 11.77 0.027 20.28

Error 4 0.01972 0.004931 6.89

Total 8 0.28609
that DD can show amaximumdeviation of only 1.7898 mm. All

these results for DD determine that the regression equation

represented in eq. (9) is appropriate for predicting response

values inside the selected range.

3.4. Residual plots

Residual plots depict the validation of satisfactory results of

ANOVA. ANOVAanalysis is considered to be valid and suitable

for the selected model provided it satisfies some assumptions

[49]. For this purpose, validation of residual plots is very

important. Fig. 4 shows the residual pot for MRR. It contains

four plots. The normality plot represents linear development.

It suggests the suitability of the model. The second plot of

versus fits has shown that fits were entirely randomized

around the source. The histogram plot depicts a bell-shaped

curve that indicates the supportive data for good ANOVA.

The absence of any particular trend for versus order plot

verifies the ANOVA statistics. Magabe et al. [50] implemented

residual plot analysis to verify the ANOVA results for their

study pertaining to the WEDM of SMAs. Obtained results of

current study are in line with the analysis carried out by

magabe et al. [50]. All four residual plots of current study

validated the ANOVA statistics for a better prediction of future

results. Similar observations were obtained for SR, and DD for

all four residuals. Figs. 5 and 6 represents the residual graph

for SR, and DD respectively.

3.5. Main effect plots for MRR, SR and DD

The significance of the selected design variables was investi-

gated on MRR, SR, and DD using main effect graphs. These

plots depict the prominent factorelevel combinations to

obtain desired output (maximum/minimum) within the

selected range. Individual design variable was represented on

the X-axis while, all responses such as MRR, SR, and DD were

shown on Y-axis in main effect plots.

3.5.1. Significance of Ton on MRR, SR and DD
The significance of the Ton was investigated on MRR, SR, and

DD by using the main effect graph as shown in Fig. 7. As per

Fig. 7, X-axis denotes the design variable i.e. Ton and Y-axis

represents all responses (MRR, SR, and DD). All the responses

(MRR, SR, and DD) were found to be increasing with an in-

crease in Ton. MRR value rises from 33.78 mg/min to 41.42 mg/

min with the rise in Ton of 3 mse9 ms. During the machining

process, the material gets eroded using a recurring spark.

These discharges increases with an increase in Ton. This en-

hances the thermal energy and the rise in thermal energy
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Fig. 4 e Residual plots for MRR.
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melts and vaporizes the work material [51]. Higher erosion

from work material occurs due to the rise in melting and

vaporisation. Ramazan and Mustafa [52] reported rise in MRR

with increasing Ton, which coincideswith the results obtained

in the present study. These high-frequency sparks due to the

rise in Ton generate higher temperature which in turn pro-

duces numerous defects on the machined surfaces such as

higher SR, and increasing DD [53]. An increase in the Ton
Fig. 5 e Residual
causes the value of SR to rise from 2.95 mm to 3.18 mm. Due to a

higher rate of erosionwith rising in Ton, large and deep craters

were developed on work material. These obtained results are

found to be in line with the results presented by Sharma et al.

[54]. This depreciates the machining surface and makes that

surface rough. SR rises with the rise in Ton. An increase in the

Ton causes the value of DD to rise from 97.23 mm to 102.68 mm.

More sparks develop when the time gap between pulse
plots for SR.
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Fig. 6 e Residual plots for DD.
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occurrences decreases. Increasing the spark production cau-

ses the temperature to rise, removing more material. As a

consequence of the significant material removal, the required

sample has a more dimensional variance [55]. Increase of DD

with rise in Ton value was in agreement with the results pre-

sented by Sarkar et al. [56] during EDM of titanium alloy. The

preferred level of Ton for obtaining higherMRRwas found to be

9 ms while the level for lower SR and lower DDwas recorded to

be 3 ms.

3.5.2. Significance of Toff on MRR, SR and DD
Fig. 8 shows the significance of the Toff on MRR, SR, and DD by

using the main effect graph. The X-axis of Fig. 8 shows the

design variable i.e. Toff and Y-axis represents all responses

(MRR, SR, and DD). A continuous downward trend was

depicted in all the responses (MRR, SR, and DD) with the rise in
Fig. 7 e Influence of Ton on MRR, SR, and DD.
Toff. A rise in Toff of 2 mse8 ms has reduced MRR substantially

from 45.05mg/min to 32.69mg/min. The enlarged value of Toff

escalates the time between the successive sparks. This further

diminished the number of active sparks and discharge energy.

Reduced discharge energy further lowers the thermal energy

and consequently melting and vaporization of the work ma-

terial gets decreases [57]. Under this, the increased value of

Toff lowers theMRR owing to a drop in spark. This analysiswas

in line with the study reported by Vora et al. [58] while WEDM

process of titanium alloy. Increment in Toff was observed to

have a positive effect on SR, and DD. Reduction in the in-

tensity of spark further reduces the temperature owing to a

rise in Toff. A reduction in SR was noticed from 3.13 mm to

2.94 mm with an intensification in Toff from 2 ms to 8 ms. As

discussed earlier, the surge in Toff reduces the discharge en-

ergy and thermal energy. This created a small crater and
Fig. 8 e Influence of Toff on MRR, SR, and DD.
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thereby a better smooth surface on machined work material

[59]. SR reduceswith rising in Toff. Results of present study has

shown agreement with analysis given by Chaudhari et al. [60]

wherein SRwas reducedwith increment in Toff. An increase in

the Toff causes the value of DD to drop from 105.83 mm to

95.68 mm. The increase in Toff was responsible for the decrease

in DD. Because there is a greater time that has passed between

pulses as the Toff grows, there is less time to form sparks. The

lower the temperature at the tool-work contact, the fewer

sparks are produced. Less material is eliminated due to the

low temperature. The lower quantity of material eliminated

results in less DD. Decrease in DDwith rise in Toff value was in

agreement with the results presented by Parsana et al. [17] for

EDM process. The preferred level of Toff for obtaining higher

MRR was found to be 2 ms while the level for lower SR and

lower DD was recorded to be 8 ms.

3.5.3. Significance of PC on MRR, SR and DD
Fig. 9 shows the significance of the nano-graphene PC onMRR,

SR, and DD by using themain effect graph. The X-axis of Fig. 9

shows nano-graphene PC and Y-axis represents all responses

(MRR, SR, and DD). A preferred combined positive trend of

increase in MRR with a simultaneous decline in SR and DD

was recorded with the addition of nano-graphene PC. A rise in

nano-graphene PC of 0 g/L to 2 g/L has escalated MRR exten-

sively from 24.86 mg/min to 51.29 mg/min. This represents a

growth of 106.32%with the use of nano-graphene PC of 2 g/L in

comparison with conventional process i.e. PC of 0 g/L. The

addition of nano-graphene PC allows the higher transfer of

ions from nitinol as nano-graphene powder behaves like a

good conductor in the inter-electrode gap. It increases the

MRR with the rise in PC amount. PC also enhances the

sparking and thermal conductivity [61]. It increases rate of

erosion due to improved sparking and increased thermal

conductivity. Higher MRR was obtained with higher nano-

graphene PC. As per Fig. 8, the addition of nano-graphene PC

depicts a positive effect on SR as a reduction in SRwas noticed

from 3.18 mm to 2.97 mm with the rise in PC from 0 g/L to 2 g/L.

Insulation strength of the dielectric fluid drops by the

expansion of the inter-electrode gap owing to the addition of

nano-graphene PC [31]. Small craters were created and

thereby better smooth surface was achieved on machined

work material [62]. The addition of a PC further flushed the
Fig. 9 e Influence of PC on MRR, SR, and DD.
accumulated debris easily from the machined region. Effec-

tive flushing of debris particles generated small ridges which

in turn improved the surface quality [19]. SR value reduces

with addition of nano-graphene PC. The results obtained in

present study has shown a combined positive effect of nano-

graphene on MRR, and SR which were in agreement with the

results reported by Chaudhari et al. [63]. For DD, an increase in

nano-graphene PC was observed as a positive effect on DD as

well. DD was reduced from 102.48 mm to 96.9 mm rise in nano-

graphene PC from 0 g/L to 2 g/L. Sparks were uniformly

distributed due to the addition of nano-graphene [26]. Due to

this reason, the least DD was achieved for nano-graphene PC

of 2 g/L. A similar trend of decreased DDwith the use of nano-

graphene for Nimonic 263 was obtained in the study reported

by Sahu and Mandal [28]. The preferred level of nano-

graphene PC for obtaining higher MRR, lower SR, and lower

DD was recorded to be 2 g/L.

3.5.4. Significance of current on MRR, SR and DD
The significance of the current was investigated on MRR, SR,

and DD by using the main effect graph as shown in Fig. 10.

The current was represented on the X-axis of Fig. 10 and all

responses (MRR, SR, and DD) were depicted on Y-axis. All

the responses (MRR, SR, and DD) were found to be increasing

with an increase in current. MRR value rises from 37.63 mg/

min to 39.27 mg/min with the rise in current from 5 A to 15

A. Increase in current increases the discharge energy. The

rise in discharge energy further enhances the thermal en-

ergy and a rise in thermal energy melts and vaporizes the

work material [64]. Higher erosion from work material oc-

curs owing to higher melting and vaporization. These es-

calations of sparks and thermal energy generate higher

temperatures which negatively impacts SR and DD. An in-

crease in the current causes the value of SR to rise from

2.95 mm to 3.15 mm. Higher rate of erosion with the rise in

current, large and deep craters were developed on the work

material. It generates an uneven surface. SR rises with the

rise in Ton. Results presented by Al-Amin et al. [65] has

shown increased MRR, and decreased SR with rise in current

while machining by EDM process which were in line with

the results obtained in the current study. An increase in the

current causes the value of DD to rise from 96.57 mm to

103.85 mm. The dimensional divergence worsens as the peak
Fig. 10 e Influence of current on MRR, SR, and DD.
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Table 6 e Results for case studies I, II and III.

Case Studies WEDM parameters Responses

Ton Toff PC Current MRR SR RLT

Case I 9 2 2 15 62.66 3.26 108.95

Case II 3 8 2 5 42.02 2.64 86.07

Case III 3 8 2 5 42.02 2.64 86.07

Case IV 8 6 2 6 51.68 2.92 94.72
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current increases. More sparks develop with the rise in

discharge energy as the current value increases [66].

Increasing the spark production causes the temperature to

rise, removing more material. Significant material removal

has resulted in more dimensional variance of machined

sample. Decrease in DD with rise in current value was in

agreement with the results presented by Gnanavelbabu

et al. [67]. The preferred level of current for obtaining higher

MRR was found to be 15 A while level for lower SR and lower

DD was recorded to be 5 A.

Investigations of the influence of design variables on MRR,

SR, and DD have shown different parametric levels for

attaining the desired requirements of responses. As higher

MRR with simultaneous minimization of SR and DD was

essential, design variables have displayed separate levels. For

example, the preferred level of Ton for obtaining higher MRR,

lower SR, and lower DD were different. The preferred level of

Ton was found to be 9 ms, while the level for lower SR and lower

DD was recorded to be 3 ms. It has shown the contradictory

situation among the variables. HTS algorithm optimization

was employed to obtain a better solution for multiple

responses.
3.6. Optimization using HTS algorithm

HTS algorithm was employed to obtain the desired values of

responses by evaluating the important levels of design vari-

ables. HTS was executed by considering MRR as maximiza-

tion, and both SR and DD as minimization. Levels of WEDM

parameters used during the implementation of algorithms are

as follows:

(Ton): 3 ms � Ton �9 ms

(Toff): 2 ms � Toff �8 ms

(Current): 5 A � Current �15 A

(PC): 0 g/L � PC � 2 g/L

HTS was executed with the consideration of multiple case

studies. Single-responses and simultaneous multiple-

responses were included in the below-mentioned four case

studies.
3.6.1. Case I: Maximization of MRR
For obtaining higher productivity, the rate of erosion during

machining should be higher. The higher MRR values makes

the machining process economical and preferable. The pre-

sent study depicts a single response optimization i.e. maxi-

mization of MRR as per equation [10]:

Obj ðv1Þ¼max: ðMRRÞ (10)

Highest MRR as per the objective function shown in

equation (10) shows a value of 62.66 mg/min at design vari-

ables of Ton of 9 ms, Toff of 2 ms, PC of 2 g/L, and current of 15 A.

New experimental trial was undertaken at the attained design

variables to check the adequacy and fitness of HTS. An

experimental value of 63.08 mg/min was observed. A negli-

gible error of 1.46% was found when the experimental result

was compared with the value obtained from HTS. This dem-

onstrates the suitability of the HTS algorithm.
3.6.2. Case II: Minimization of SR
The lower average value of SR depicts the good machined

quality of the component. It is always desired to have a min-

imum value of SR to get a better quality of machined parts. A

single objective function for minimization of SR was carried

out by using equation [11]:

Obj ðv2Þ¼min: ðSRÞ (11)

The above-mentioned objective function for SR has yielded

the minimum SR of 2.64 mm at design variables of Ton of 3 ms,

Toff of 8 ms, PC of 2 g/L, and current of 5 A. New experimental

trial was undertaken at the attained design variables to check

the adequacy and fitness of HTS. An experimental value of

2.59 mm was observed. A negligible error of 1.89% was found

when the experimental result was compared with the value

obtained from HTS. This validates the fitness of the HTS

algorithm.

3.6.3. Case III: Minimization of DD
The difference between tool diameter and the actual diameter

of the obtained hole represents the magnitude of DD. The

diameter of the tool represents the ideal diameter. To acquire

accurate dimensioning, the least value of DD is always desir-

able. By considering this a single objective function for mini-

mization of DD was carried out by using equation [12]:

Obj ðv3Þ¼min: ðDDÞ (12)

Least DD of 86.07 mm was attained at the same parameters

as that of the objective function of SR i.e. at design variables of

Ton of 3 ms, Toff of 8 ms, PC of 2 g/L, and current of 5 A. Exper-

imentally obtained surface at design variables were then

employed for measurement of DD. The experimentally

attained value of DDwas observed to be 85.14 mmwith an error

of 1.08%.

3.6.4. Case IV: Simultaneous optimization of MRR, SR, and
RLT
All the selected response variables are having a significant

impact on machining performance. Simultaneous optimiza-

tion was employed by giving an equivalent weightage of 0.33

toMRR, SR, andDD. Equation [13] shows the objective function

for all responses as follows:

Obj ðv4Þ¼w1 , ðMRRÞþw2 , ðSRÞþw3,ðDDÞ (13)

This simultaneous optimization was produced results for

responses such as MRR of 51.68 mg/min, SR of 2.92 mm, DD of

94.72 mm at the corresponding input parameters of Ton of 8

ms, Toff of 6 ms, PC of 2 g/L, and current of 6 A. A new

experimental trial was undertaken at the attained design
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Fig. 11 e Pareto plot of MRR vs SR vs RLT.

Fig. 12 e SEM analysis of machined Nitinol at Ton of 8 ms,

Toff of 6 ms, PC of 0 g/L, and current of 6 A.
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variables to check the adequacy and fitness of HTS. Experi-

mental value with MRR of 52.34 mg/min, SR of 2.94 mm, and

DD of 94.03 mm was observed. A comparison of experimental

results with HTS prediction has shown an acceptable devi-

ation of 1.27%, 0.68%, and 0.72% for MRR, SR, and DD

respectively. This reveals the ability and suitability of the

HTS algorithm for WEDM machining of Nitinol. Table 6 dis-

plays the results of all case studies along with their respec-

tive design variables.

Allocation of weights to objective function might differ

from the use of operator and designer. It is required to find a

complete set of solutions that will resolve the limitation of

allocation of weight. Pareto fronts are capable of giving a

complete set of solutions. Obtained solutions from Pareto

fronts are non-dominated solutions that are trade-offs among

the contradictory responses. In addition to different case

studies, Pareto fronts were also generated which are capable

to tackle conflicting situations. Higher MRR with simulta-

neous minimization of SR and DD was essential. Design var-

iables have displayed separate levels for these situations. For

example, the preferred level of Ton for obtaining higher MRR,

lower SR, and lower DD were different. The preferred level of

Ton was found to be 9 ms while the level for lower SR and lower

DD was recorded to be 3 ms. This clearly shows the contra-

dictory situation among the variables. These situations can be

easily handled by generating Pareto fronts with non-

dominated optimal solutions. Multi-response optimization

of MRR, SR and RLT was carried out using the HTS algorithm

which has employed 10,000 evolution functions and created

50 Pareto optimal points with a unique solution. Fig. 11 shows

the 3D Pareto chart. Every single Pareto point has corre-

sponding values of design variables. Operators can choose any

set of parameters by considering their required levels of re-

sponses. Predicted values of Pareto points were experimen-

tally validated by performing random experiments from

available Pareto points. The comparison of predicted and

experimental values for responses was shown an acceptable

error.
3.7. Significance of nano-graphene PC on surface
morphology

Nano-graphene PC has shown a substantial impact on all the

response variables. The addition of nano-graphene depicted a

preferred combined positive trend of increase in MRR with a

simultaneous drop in SR and DD. The influence of nano-

graphene PC has now been studied to comprehend the in-

fluence on surface morphology by observing the common

defects which arise during the EDM process. Design variables

obtained at the objective function of simultaneous optimi-

zation were considered by changing the nano-graphene PC at

three levels. Design variables at Ton of 8 ms, Toff of 6 ms, and

current of 6 A were taken as constant with changes in nano-

graphene PC at three levels i.e. at 0 g/L (Conventional EDM),

1 g/L, and 2 g/L. SEM analysis of machined Nitinol at nano-

graphene PC of 0 g/L, 1 g/L, and 2 g/L can be seen in Figs.

12e14 respectively. An extensive presence of resolidified
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Fig. 13 e SEM analysis of machined Nitinol at Ton of 8 ms,

Toff of 6 ms, PC of 1 g/L, and current of 6 A.
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debris particles, globules, micro-pores, and micro-cracks was

detected in Fig. 12 for conventional WEDM (nano-graphene

PC of 0 g/L). Fig. 13 for nano-graphene PC of 1 g/L shows a

better surface to a certain extent when compared with con-

ventional WEDM surface. A better-quality surface was ob-

tained with the use of nano-graphene PC of 2 g/L. Fig. 14

represents an SEM image of minor occurrence of resolidified

debris particles, globules, micro-pores, and micro-cracks

after the addition of nano-graphene PC at 2 g/L. The homo-

geneous sparking between work material and tool due to

nano-graphene PC results in a significant decrease in the

micro-cracks of the PMEDM process [68]. Insulation strength

of the dielectric fluid dropped by the expansion of the inter-

electrode gap after the addition of nano-graphene PC. Small

craters were created and thereby better surface quality was

achieved by the reduction of resolidified debris particles,

micro-pores, and globules on machined work material [69].
Fig. 14 e SEM analysis of machined Nitinol at Ton of 8 ms,

Toff of 6 ms, PC of 2 g/L, and current of 6 A.
The addition of a PC further flushed the accumulated debris

easily from the machined region. Effective flushing of debris

particles generated small ridges which in turn improved the

surface quality. Results reported by Sahu and Mandal [28] has

shown improvement in surface properties such as surface

cracks, recast layer for graphite PMEDM. Al-Amin et al. [70]

studied the influence of powder-mixed EDM for different

materials. They revealed that addition of nano-graphene PC

has resulted in uniform distribution of sparks which can

achieve machined surface with less defects. The results

presented by Al-Amin et al. [70] and Sahu andMandal [28] has

shown a good agreement with the obtained results from

present study. This demonstrates that the use of nano-

graphene PC at 2 g/L improves the machined surface of

Nitinol SMA to a larger extent.
4. Conclusion

The present study demonstrates the experimental in-

vestigations of PMEDM of Nitinol SMA. Taguchi's L9 (3^4)

design was employed to perform the experiments with

the considerations of EDM design variables of Ton, PC,

current and Toff. MRR, SR, and DD were selected as

response variables. The regression model of ANOVA has

depicted that the entire model term was significant for

MRR, SR, and DD as their p-values were lower than 0.05.

For MRR, design variables namely Ton, Toff, and PC were

found to have a significant impact on deciding the MRR

value, whereas for SR and DD, all design variables i.e.

current, Ton, Toff, and PC were observed as significant

contributors. Obtained results has depicted a preferred

combined positive trend of increase in MRR with a

simultaneous drop in SR and DD after the addition of

nano-graphene PC at 2 g/L. ANOVA results depicted that

PC, Ton, and Toff were identified to be the highest con-

tributors with the effect of 75.18%, 29.37%, and 45.72% to

affect MRR, SR, and DD respectively. Residual plots were

validated the satisfactory results of ANOVA statistics and

fitness of multivariable correlations for the better pre-

diction of future results. Single-objective optimization

results from HTS algorithm has shown a maximum MRR

of 62.66 mg/min, minimum SR of 2.64 mm, and minimum

DD of 86.07 mm. This simultaneous optimization has

shown optimal values of MRR of 51.68 mg/min, SR of

2.92 mm, DD of 94.72 mm at Ton of 8 ms, Toff of 6 ms, PC of

2 g/L, and current of 6 A. Pareto fronts have shown the

capability of giving a complete set of solutions. So, the

operator has the option of selecting the appropriate Par-

eto point depending on the specified values of MRR, SR,

and DD. Results of validation trials were revealed the

ability and suitability of the HTS technique for PMEDM

machining of Nitinol SMA. SEM analysis revealed the

minor occurrence of resolidified debris particles, globules,

micro-pores, and micro-cracks after the addition of nano-

graphene PC at 2 g/L due to homogenous sparking, for-

mation of smaller craters, and proper flushing of debris.

This demonstrates that the use of nano-graphene PC at

2 g/L improves the machined surface of Nitinol SMA to a

larger extent.
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