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Abstract: An emerging topic is electrical discharge (ED) coating with its application on complex
shapes and cavities to repair components or act as functional coatings. Because it is a variant
process of an electric discharge machine (EDM) with the ability to coat on electrically conductive
substrates, there is a possibility that next-generation electrical discharge machining components
may exploit the attachment phenomenon to enhance recast layer properties. Previously, researchers
have obtained ED coating by mixing the powder in a dielectric medium and/or by using powder
metallurgy electrodes. In this work, primarily, an insight in the formation of ED coating on-die sinks

ekt electrical discharge machine, using conventional electrode materials viz., bronze on titanium alloy
check for

updates (Ti-6Al-4V) is made. The bronze electrode on the titanium substrate obtained a crack-free copper

. coating of ~20 microns thickness. In order to perform the experiments, three combinations were
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Vappala, S.; Shaik, R.U. Formation made using five parameters: current (Amps), ton (us), Toff (us), duty cycle (%), and flushing pressure

and Optimization of Electrical as constant (bar). After obtaining the coating, a combination of input parameters was selected by
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optimizing the output performance parameters, viz., the electrical discharge deposition rate, coating
thickness, micro-cracks, and elemental coating composition. Secondarily, different optimization
techniques viz., grey relational analysis, the technique for order of preferences by similarity to ideal
solution, —nD angle method and information divergence method were implemented to find out the

suitable combination of parameters where the latter two methods were introduced for the first time in
Academic Editors: Raf Dewil and this area of EDM optimization. A study was conducted to check whether the latter two methods are

Vijay Kumar Thakur optimization techniques or multi-criteria decision-making techniques. The optimization of existing

reactor types and the development of new reactors in wastewater treatment through EDC, by which
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energy could be saved by replacing the conventional techniques.
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Electrical Discharge Coating (EDC) has its functional importance in lubrication and
anti-wear applications since it has tremendous surface modification capabilities. The EDC
process can obtain hard coatings. The coating process is carried out on the conventional
Electric Discharge Machine [1,2]. The main differences between EDM and EDC in terms of
the working process, polarity, and output parameters are shown in Figure 1.

While processing in EDC, the electrode acts as an anode, and the workpiece act as a
cathode. There will be an effect of cataphoretic which means under the influence of the
electric field, due to the comparatively low melting point of the electrode, the erosion of
metal takes place. It gets attracted to the cathode, as shown in Figure 2. The resistance
occurs by forming a conduction bridge in the inter-electrode gap, which is called gap
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resistance. The involved particles are trapped into the micron-sized molten metal pool and
get embedded in the surface of the workpiece [3].

Electrical Electrical

Discharge Discharge Coating
Machining (EDM) (EDC)

EDM is the material removing process
material from the work piece either electrode
obtain the to desired shape.

Electrode ( + or - ) depending upon
parameters and machining conditions.

After EDM, machining workpiece weight is
decreases with decrease in electrode weight.

In the EDM process material gets removed
from the workpiece with time i.e. Material
Removal Rate (MRR) and same for electrode,
which is Electrode Ware Rate (EWR)

Cu Coating

v v

EDC is a material additive process by
deposition occurs on workpiece surface from
the electrode.

Here, electrode will be anode ( + ) and
workpiece is cathode (-).

After EDC, workpiece gains weight with
decrease in electrode weight.

In EDC, material gets deposited on the work
piece from the electrode with.

1]

Figure 1. Comparison of EDM with EDC.

Bronze
Electrode

(+) Cathode

(-)Anode

Dielectric

Ti-6Al1-4V EDM-30 oil

Work Table

Figure 2. Working principle of EDC.

This process makes it possible to deposit a lot of functional materials onto complex
shapes, and EDC can also create uneven surfaces. This process of coating can obtain
high hardness. From the literature, in most cases, powder mixed electrode was used to
deposit coating using EDC, whereas, in this study, we tried to deposit using a conventional
electrode, which is readily available in the market [4-6]. The deposition rate depends upon
the size of particles in electrode material, workpiece material, and experimental conditions.

This work focuses on coating copper alloy on a workpiece as it has various applications
in wastewater treatment plants as antiviral coatings in this COVID pandemic times [7].
Since virucidal coating has to have Cu/Zn, bronze, an alloy of copper, was considered
electrode material in this study. Finally, the copper alloy was coated on the titanium
(Ti-6Al-4V) material which has several applications.
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Popular coating techniques were studied from the literature review and EDC was
selected among the coatings [8-12]. Figure 3 shows the different types of coatings available.

Different types of coating methods are shown here, and few comparisons were made
even though every coating method has its own importance with respect to coating appli-
cations. Primarily, EDC can coat on complex shapes faster than others [3] and could be
coated on the already available EDM machine. Secondarily, other coating methods such
as Physical Vapor Deposition PVD, Chemical Vapor Deposition CVD, electroplating, etc.,
require complex apparatus and cannot be used for the localized coating process. Thus,
coating by EDC is an alternative way to perform localized coating on any workpiece whose
melting point is higher than the electrode [13].

The workpiece selected to coat the copper alloy is titanium (Ti-6Al-4V). High strength,
corrosion resistance, and good mechanical properties made this material a more important
material in bio-medical [14], power generation [15], and aerospace industries [16].

Different Types of Coating Methods
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Figure 3. Different coating methods, (a) PVD, (b) CVD, (c) Electroplating, (d) Thermal and (e) Electrical discharge coating.

A study on the related work carried out by other researchers is summarized here. Tijo
and Masanta [8] deposited a composite coating of TiC and TiB, with improved hardness
(three times) and wear properties (seven times) on the coated surface as compared to that
of the substrate (Ti-6Al-4V). As the value of peak current and duty factor increases, the rate
of deposition increases, but after that, some values of peak current, deposition rate starts
decreasing owing to high discharge energy. The erosion of the workpiece also increases; as
such, the combined effect of deposition and erosion of the workpiece results in a decrease in
deposition rate. Similarly, WS, coating was performed on Ti-6Al-4V by Mohanty et al. [9]
through the micro-EDM process. They used WS, powder particles of average size 15 pm,
mixed with deionized water. High thermal energy from the electrical sparks was deposited
on the tool material and WS, on the surface of the workpiece. In the work of Sergey N.
Grigoriev et al. [10], a comprehensive study of two different dielectric fluids and two
machines on Al,O3 + 30% of TiC was considered for the experiments varying the input
parameters and estimation of tool material and dielectric fluid influencing the chemical
changes on machining surface. Pay Jun Liew et al. [3] have authored a review considering
the previous research on electrical discharge coating. The parameters and material char-
acteristics of various EDC processes for various materials were discussed and compared.
Powder Mixed Electrical Discharge Machine (PMEDM) and Powder Metallurgy (PM) elec-
trode methods are effective solutions for realizing EDC. In the paper authored by Marina
A. Volosova et al. [11], three different approaches using wire EDM processing methods
for non-conductive structural and functional ceramics based on ZrO,, Al,O3, and SizNy
were tried and also added powder assistance in a dielectric medium. Muhammad Kashif
Bangash et al. [12] carried out the Ti-6Al-4V workpiece using a micro-wire EDM process to
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improve the adhesion and joint strength in this case. Machined different shapes V, U, and
semi-circle micro slots producing on the surface and then overlapping the two workpieces
by applying that commercial epoxy adhesive mixture. Machining slots and heat treatment
was carried, and the shear strength and feature analysis were found.

The properties considered in a different procedure carried out in the EDM machine
are shown in Figure 4. In our case, for Die-Sinking EDC, duty cycle, tool properties, and
flushing pressure were considered differently than the other procedures (Powder Mixed
EDC and Powder Metallurgy Electrode EDC).

Electrical Discharge Coating (EDC)

y

Powder mixed EDC

x
| | Die sinking EDC
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Figure 4. Flowchart for different types of EDC process input and output parameters.

Water and wastewater treatment facilities [17,18] are difficult to maintain due to ambi-
ent exposure. The tanks used for settling treated wastewater in each step, pumping, sludge
tanks [19] clarifying and filtering processes are based on steel and concrete, which is vul-
nerable to corrosion and sandy. Additionally, corrosive chemicals and aging infrastructure
are problematic. In that case, there’s a need for high-performance and durable coating
solutions. Coatings used in wastewater treatment facilities must be resistant to corrosive
chemicals such as hydrogen sulfide [20,21] because these acids and other acidic compounds
can cause cracking and corrosion in unprotected concrete in wastewater treatment facilities.
Metal coatings such as Cu and Si [22] for the water and wastewater treatment processes
increase durability and are anticorrosive [23] antiviral, and photoactive. The copper coat-
ing would be useful starting from the collection systems, through the clarifiers, digesters,
headworks of the treatment process, and secondary containment and storage structures
to reduce corrosion [3] and to protect the surface. Besides these physical and chemical
properties, copper coatings would be advantageous from an antiviral application point of
view. Cu coatings, i.e., virucidal properties of copper alloy and copper surfaces, have been
tested in several studies. It was proven that a small percentage of copper had a significant
effect on virucidal properties [7]. In another study on copper alloys, rapid inactivation of
human coronavirus 229E was observed, and Cu/Zn brasses were very effective at lower
copper concentrations. The viral genomes got inactivated because of exposure to copper
and irreversibly affected virus morphology, including disintegration of envelope and dis-
persal of surface spikes in Human Coronavirus 229E, used as a surrogate for the more
virulent coronaviruses responsible for SARS, MERS, and now COVID-19 [24].
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In this work, a conventional electrode of the copper alloy was coated on titanium alloy
(Ti-6Al-4V) using the already available EDM machine for the first time. The parameters
required to coat on EDM are found by the trial-and-error method in this work. The param-
eters influencing the experiments are optimized using different optimization techniques in
which two new techniques (—nD angle and information divergence) are introduced.

2. Materials and Methods
2.1. Materials

Titanium alloy (Ti-6Al-4V) of size 20 mm X 20 mm X 8 mm and bronze of size 100 mm
of length and diameter of 10 mm were considered as workpiece and electrode, respectively,
whereas EDM 30 was used as dielectric fluid. Table 1 shows the chemical composition,
density (kg/m?), melting point (°C), specific heat capacity (J/g °C), and hardness for the
electrode and substrate.

Table 1. Physical and chemical composition of electrode and substrate.

Properties Electrode Substrate

Chemical Composition Cu 95% Tin 4%, Zn 1% C 0.08; Fe 0.25, Al 6, V 4, Ti Balance
Density (Kg/m?) 7.58 4.42

Melting point (°C) 1035 1878

Specific heat capacity (J/g °C) 370 553

Hardness 170 300

Table 2 shows the experimental levels for the input parameters such as current, Ton,
Toft, and Duty Cycle formed manually by trial-and-error method.

Table 2. Experimental conditions.

S.no Parameters Level

1 Current (Amps) 48122024

2 Ton (us) 19 80 90 126 270 386
3 Toff (us) 1940 54 65 95 162

Influence of Parameters on Electrical Discharge Coating

Surface topography, surface quality, and homogeneity of the coatings depend upon the
input parameters, i.e., current, Ton, Toff, and Duty Cycle. Table 2 shows the experimental
input parameters, and Table 3 shows its combination. A combination of parameters was
prepared by initially taking the Taguchi L9 design but then changing it manually depending
upon the deposited coating. The combination was prepared by trial-and-error method.

WBM — WAM

Electrode Deposition Rate (EDR) = Time

(g/min) M
where WAM = Weight after machining, WBM = Weight before machining.

While trying to fix the input parameters, it was understood that with a decrease in
current from 24 A to 4 A, and by maintaining duty cycle (which comes with a relationship
of Ton and Toff) in the range of 45% to 87%, the surface morphology of coating increased.
Moreover

Ton
Duty cycle = —————— x 100% 2
yey Ton + Toff ( )

where T, = Pulse on time, Tg = Pulse off time.
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Ti-6Al1-4V
300 X 450 X 8 mm

Ti-6Al-4V Plate

CNC Electrical Discharge Machine (EDM)

Servo system

GNC Control

Table 3. Combination of machining process parameters.

Experiments Current (Amps) Ton (us) Tog (ns) Duty Cycle (%)

12027040 87
22480 95 45
32090 65 58
481919 50
54386162 70
612126 54 70

Additionally, there was a development of Cu-containing craters at the surface. Figure 5
shows an uncoated and coated substrate with its surface morphology and composition
using EDS.

_—

Specimen Bronze Electrode

Spark Erosion Flushing on Specimen

Figure 5. Experimental Setup of EDC coating: (a) Ti6Al4V Plate, (b) Specimen preparation, (c¢) Specimen, (d) Bronze
electrode, (e) CNC electrical discharge machine, (f) Spark erosion, and (g) Flushing on the specimen.

2.2. Methods
2.2.1. Grey Relational Analysis (GRA)

Step 1: The first step of GRA is a process of grey relational generation in which nor-
malization of data for the responses should be generated considering the criteria of higher
the better or lower, the better. Since higher EDR, Electric Discharge Coating Thickness
(EDCT), Cu%, and Zn% are desired, the higher the better criterion was followed in our
case.

Step 2: Therefore, a comparability sequence as indicated in Equation (3) was generated
by considering parameters of the translated, where I is the serial number of the schemes,
Xi (k) refers to the value of each parameter, max Yi (k) refers to the maximum of Yi (k), k is
the serial number of the criteria min Yi (k) refers to the minimum Yi (k), and the standard
comparability sequence can be referred by Xi (k). Firstly, the higher-the-better criterion can
be expressed as Equation (3).
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Secondly, the expression Equation (4) is preferred for the lower-the-better criterion.
Xi(k) = maxY;(k) — Y;i(k)/maxY;j(k) — minY;j(k) 4)

The range of [0, 1] was scaled for all the candidate criteria values upon completion of
the grey relational generating procedure [25].
Step 3: Closeness of a comparability sequence with the reference sequence was defined

using the deviation sequence.
Ao = kxo(k) —xi(k) @)

Here, xg (k) = 1, k = difference of absolute value x; (k) and X, (k) (3). let delta = difference
of absolute value. Deviation sequence measures the distance between the reference se-
quence and the comparable sequence (value of 1). For instance, values closer to 1 could be
considered remote values to the reference sequence and vice versa.

Step 4: The correlation coefficients of each reference sequence and comparison se-
quence on the corresponding elements were calculated. This correlation coefficient is
termed a grey relational coefficient. &i (k) is referred to as the grey relational coefficient as
shown in Equation (6).

&i(k) = [Amin +pAmax] [Ag, (k) + hAmax] (6)

In the given Equation (6), a value of 0.5 will usually be given for the distinguishing
coefficient () since a smaller value means a stronger discrimination ability among param-
eters and a bigger difference between correlation coefficients. By referring to the literature,
a mid-value, i.e., 0.5, was selected to be the best possible value for the distinguishing
coefficient [26]. The closeness of Xo(k) and Xi (k) could be determined by a higher value of
the grey relational coefficient. Where Amin and Amax are the minimum and maximum of
Xi (k), respectively, and delta is the distinguishing coefficient between [0, 1].

Step 5: Deng’s degree of grey incidence or grey relational grade (GRG) is a degree
of partial proximity between two curves, which estimates the average of grey relational
coefficients at each point (k). A measure of geometrical distance closeness between two
curves can be termed GRG. GRG between the sequences, in our case, between experiments,
represents the level of correlation between the comparability sequence and reference
sequence. Generally, the optimal choice will be selected for the one with the highest
grey relational grade between the reference sequence and the comparability sequence. By
averaging the grey relational coefficients, the grey relational grade yi can be computed as

Yem¥on(k) =1 %
The highest value among GRGs is selected to be the best choice.

2.2.2. TOPSIS

Step 1: In this method, the first step is to develop a decision matrix. This method
consists of attributes in the columns and alternatives in the row. The matrix format can be
expressed as [27].

al X111 --- Xln
D= . | @ ®)
m | Xml --- Xmn
Here,a (i=1,23,...... m) = represents all possible alternatives, j=1,2,3,...n and Xij

represents the performance of i with respect to attribute j and x (j = 1,2,3,. . .n) = represents
the attributes related to performance of alternatives.
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Step 2: In this step, the above decision matrix is normalized and we get a normalized
decision matrix ;. The formula for r; is given below

—Xj
Yij = — )
i=1 Xjj

Step 3: Here, using Equations (10) and (11), a weighted normalized decision matrix
can be calculated.

V = [vy] (10)

n
ij =1 (11)
=1
Step 4: Here, negative ideal solutions (worst) and positive ideal solutions (best) need
to be calculated in this step. The solutions can be represented as a positive best (ideal)
solution

at — {(maxvij,j €J) (minvijj € ]) ]} (12)
v={vlt,v2t,v3t. . ... Vit vn'}
a~ = { (minvy,j € ) (maxvijj € ])]} (13)
v={vl",v2",v3 ....... Vit vn~
Here,
J={=123...... n), = {j=123,...n}

]’ and J are associated with the non-beneficial and beneficial attributes.
Step 5: Now, the calculation of Euclidean distance of each alternative from a negative
ideal solution and positive ideal by using the following equations:

n

Df =Y (vi—vi)%i=123....m (14)
i=1
= 2
i=1

Step 6: Here, the relative closeness of ideal solution for each alternative is calculated
by using the Equation is given below

D~
D" +D;
Step 7: Here, ranked according to the order of preference. The alternative of maximum
relative closeness should be the best choice. +Ci is termed as MPCI (Multi-Performance
Characteristic Index) in TOPSIS.

2.2.3. —nD Angle and Information Divergence Method

These two are trigonometric methods that are used in the field of remote sensing
to find out similar spectra [28]. This was introduced in this field to check whether this
gives similar results as the optimization technique GRA or Multi-Criteria Decision Method
(MCDM), which is TOPSIS. The name —nD angle was given by us for the first time, which
refers to divergence angle as shown in Equation (17). Given the test vector t and a reference
vector r of length C, score a is calculated as

1 Yoty
N 2 /yN .2
\/21:1 t; \/21:1 Yi

a = cos

(17)
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The information divergence method computes similarity based on the divergence
between the probability distributions of the two vectors. Let r and t be the reference and
test vectors, respectively. Calculate the distribution values for the reference vector as

Yi
L= (18)
% Yi1vi
Calculate the distribution value for the test vector as
ti
= 19)
' Z{il ti

Then, compute the ID value by using the probability distributions of the references

and the test vectors.
< P; S 9
> pilog( 2 ) + L atos( ) 20)
= q; = p:

1 1= 1

3. Experimental Procedure

Figure 4 shows the flow of the process carried out for coating. Initially, a plate of
titanium was obtained from Ramesh Steels Corporation Pvt. Ltd., Mumbai, and then it
was cut into the required size of 300 m x 450 m x 8 mm using wire cut EDM. Then, the
substrates were ground and polished with emery paper sizes 50, 100, and 200 microns. The

substrates after all those processes were shown in Figure 5c.
The electrodes were directly obtained in the required diameter, and then it was cut

into the length of 100 mm. The EDM machine for coating is available at the Production
Engineering Lab, Osmania University. This machine is of CREATER make and numerically

controlled (CNC).

4. Result and Discussion

Electrical Discharge Coating was carried out on Ti-6Al-4V which is as shown in
Figure 6. This section explains the results obtained with parameters considered and opti-
mized with respect to results.

Ti-6A1-4V Base material

Base Material EDX
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Figure 6. EDX comparison, (a) Base material Ti-6Al-4V, EDX, and (b) EDC coating EDX.
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4.1. Study Surface Morphology

In total, six experiments were planned with a combination of parameters shown
in Table 3. Corresponding Scanning Electron Microscope (SEM) images were shown in
Figure 7.

(a) .
Uncoated Ti-6A1-4V

Machining Spatter

Machining Spatter

5 .Uncoated Ti-6Al-4V
e 5004m

R 500 pm
High-vac,'/ 8ED \PC-std, 15KV, x50 12/25/2020, 000173

High-vac. SED PC-std. 15KkV 12/25/2020 000178

Uncoated Ti-6A1-4V

Y

3 —S=Eoopm, s
High-vac. SED PC=std., 15kV 5 w50 4121252020 2000788

500 pm
High-vac. SED PC-std. 15kV x 50 12/25/2020 000183

(e)

Machining Spatter
Uncoated Ti-6Al-4V

No Machining Spatter  ~

Uncoated Ti-6A1-4V

High-vac, SED PC-std. 15kV

Figure 7. SEM images showing both coating and uncoating surface on substrate for six experiments,
shown in the order of (a—f) respectively.

These SEM images were taken to show the difference between normal surface and
coating surface and the machining spatter occurring due to high flushing pressure of
0.75 bar.

It was observed that with a reduction in flushing pressure and melting of an electrode
(due to high current at 24 A and 20 A), the machining spatter was reduced and led to better
surface coating.

The output parameters considered for optimizing the input parameters and examining
the coating properties were EDR/ EDCT and micro-cracks. Table 4 shows the output
parameters for all the experimental combinations. WBM and WAM represents the weight
of the substrate before and after machining as shown in Equation (1). In contrast, the
electrodeposition rate is the ratio of change in substrate weight after machining to the time
taken. EDC1, EDC2, and EDC3 are the thickness of the coating at three random places
on the SEM image of the substrate’s cross-section. The average in the table represents the
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average of thicknesses at three places. Micro-cracks on the coating were also tabulated,
which was measured using SEM image as shown in Figure 8. Using the measurement of
micro-cracks, it was understood that the first three combinations of experiments were not
suitable though they can give a better deposition. The figure depicted that coating obtained
with experimental numbers 1, 2, and 3 have the micro-cracks formation of size 2.2, 1.5, and
3 microns. It was observed from EDR and input parameters that an increase in discharge
rate and current leads to micro-cracks, and lower EDR gives better surface characteristics.

Pl
50 pm =

N \J
' SED, PG-std, 15 kU 5000 12/25/2020'* 000177

e

~ = 50 UM
. WSED!PC-std. 15KkV &/, x/500 12/25/2020 000187,

t

. ’,\1‘0 1Craek

Compasition
g T C26.23%7

o D ior ) » MM sy i
High-vdc.» SED " Postdl] 15KV 93500 & 12125120203 ,000) 7

Figure 8. Surface morphology of coating by SEM Images for six experiments shown in the order of
(a) to (f) respectively.
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Table 4. Output parameters.

Exp. EDR EDC Coating Thickness
(WBM- EDR Micro Crack
No. WBM WAM WAM)/Time  (g/min) EDC1 EDC2 EDC3 Average (um) (Microns)
1 93.0234  87.92 0.127585 0.0021264 159 17.1 17.1 16.7 22
2 93.3477  88.063 0.1321175 0.002202 16.5 19.5 - 18 1.5
3 85.9761  77.964 0.2003025 0.0033384 15 15.9 29 19.96667 3
4 93.7849  91.6384 0.0536625 0.0008944 18 18.6 20.7 19.1 0
5 89.906 89.4764 0.01074 0.000179 22.5 19.8 13 18.43333 0
6 87.7003  83.0523 0.1162 0.0019367 18 18.6 14.1 16.9 0

4.2. Chemical Composition of Coatings

SEM inspected the composition of obtained coatings with Energy Dispersive X-ray
Spectroscopy (EDX). It was understood from Figure 9 that a higher copper percentage was
obtained in the coating deposited with the parameters of experiment 4 having current,
Ton, Toff, and Duty cycle as 8, 19, 19, and 50, respectively. In comparison, a lower copper
percentage was obtained for 75.12% and Zn 8.14%.

2! Elements CK OK AIK TiK VK CuK ZnK Elements CK OK AIK TiK VK CuK ZnK
keV 0.277 0.525 1.486 4.508 4.949  0.93 1.012 keV 0.277 0.525 1.486 4.508 4.949 0.93 1.012
(i) Mass%  4.06 23 135 321 012 78.02 104 (i) Mass% 54 32 266 211 011 7512 114
001 001
500 ,ﬁ;—l 640 ;_l
o] (@ w—3 (b)
a0 L, :
30 5
w4 38 0
w4 33 )
pe . F S P 43 :
;1.,.3“'§ x2  Edz g 2 "*':‘II; 5§ 23, 2 g 3
sod [g 4 | o 14 H e & 3§
0 ¥ A I ol AN 4 il A
(iii) (iv)
Elements CK OK AIK TiK VK CuK ZnK Elements CK OK AIK TiK VK CuK ZnkK
" keV 0.277 0.525 1.486 4.508 4.949 0.93 1.012  keV 0.277 0.525 1.486 4.508 4.949 0.93 1.012
= Mass% 34 21 248 019 002 79.63 12.18  Mass% 52 096 2.8 274 002 8012 814
g
o1 o1
o0 0 -
© | @
i ‘
2 2 [
2 = ’ 2 - ‘
g4 22: 93 % 9% 2 2 %\221
- 5> - c o N l > 1 ¢ - ~
0. A . L gl \
000 100 200 300 400 500 600 7.00 s00 9.00 10.00 )00 100 200 00 400 500 6.00 7.00 00 ln‘m
(V) Elements CK  OK AIK TiK VK CuK 20K (vi) Elements CK OK AIK TiK VK CuK ZnK
keV 0.277 0.525 1.486 4.508 4.949 0.93 1.012  keV 0.277 0.525 1.486 4.508 4.949 0.93 1.012
Mass% 6.23 245 1.45 233 0.1 76.25 11.19 Mass% 245 156 095 0.12 0.01 84.56 10.35
o
0]
330
ol I (e) (f)
2] 2
210 4 ;
1994 o
.
1504 &5 :
1204133 5 2 2 |
=344 44 E35, 23 23 2 22
: H LA Ll A i) A
lllll 100 00 400 5.00 6.00 7.00 $.00 9.00 10.00 400 500 6.00 00 $.00 9.00 10.00

keV

Figure 9. Chemical composition of EDC substrates for six experiments shown in the order of (a—f)

respectively.
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4.3. Layer Thickness

The investigation of mechanically polished and chemically etched coatings, using
scanning electron microscope on the cross-section of coating, showed major variations in
the thickness of the layer as a function of process conditions. For example, the SEM image
of Figure 10 shows the edge of the cross-section in a coated region of a sample processed
under different conditions, as mentioned. It was understood that with an increase in current
and duty cycle, the thickness of coating also increases but coating resulted in micro-cracks
formation. Considering this result, the process in vice versa was investigated and found
better results.

No:3
17:1' pm

504im .. 3 : — 50 im
.08-03-2021, 000275 High-vac. - SED PC:std. = 15 KV x 500 08-03-2021

pm 50 pm.

High-vac. SED. PC-std. " 15kV. 08-03-2021"+ 000274 Higl.'l-va.c. SED PC-std. . 15kV % 500, 08-03-2021

3 R S504m e n 50 pm S
High-vac. SED PC-std. 15KV x 500 3 08-03-2021 000271 High-vac. SED, PC-std. 15kV x 500 08-03-2021 000273

Figure 10. SEM image of cross-section EDC Coating for six experiments shown in the order of (a—f)
respectively.

Figure 10 show cross-section SEM images and its associated line for the thickness
of layer, for the developed coatings, as a function of increasing duty cycle and current.
It is evident that layers become thicker gradually (Figure 10a from 15.9-19.9 pm) and
are more discontinuous as the parameter combination (current 20 A, Ton 270 us, Toff
95 us). Meanwhile, there is a moderate layer thickness (Figure 10c from ~18 to 19 um) and
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crack-free with decreasing input parameters (current 4 A, Ton 19 s, Toff 19 us).

4.4. Material Interfacing

In order to gain insight into the fine-scale microstructure, Figure 11 presents a SEM
cross-section, which was prepared by cutting the coating by Wire EDM, and then the
preparation of substrate was carried out by polishing. It can be evident from the SEM
image that it is possible to view the base material, the interface, and the coating material.
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Figure 11. Cross section of material interfacing bonding for six experiments shown in the order of
(a—f) respectively.

Figure 11 provides more details about the interfacing and bonding of coating on the
base material. It was observed that with an increase in current, heat generates and damages
the base material, as shown in Figure 11c. Moreover, the deposition rate was high due to
the current and coating surface was uneven.
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4.5. Optimization of EDC Process Parameters

In order to find the suitable parameters for coating copper alloy using EDM, this
study was conducted. The output parameters considered for the study were EDR, EDCT,
Cu%, and Zn% as shown in Table 5. For the zero micro-cracks, obtained experiments were
focused to obtain a maximum of all the parameters.

Table 5. Input and output parameters.

Exp EDR EDCT Cu% Zn%
4 0.0008944 19.1 90.77725 9.222
5 0.000179 18.43333 87.20265 12.79
6 0.0019367 16.9 89.09493 10.90

4.5.1. Grey Relational Analysis

As explained in the previous chapter, this analysis had four steps involved in it. Firstly,
the output parameters were normalized using the formulae shown in Equation (3) for
a grey relational generation. Normalization of parameters was generated considering
the higher better criterion, which is called a grey relational generation. In our case, the
higher, the better was followed because there was a need to have a high deposition rate
without micro cracks, higher thickness, higher copper and zinc percentage apart from
foreign particles.

It can be observed from Table 6 that all the candidates have values ranging from [0, 1],
which represent minimum and maximum values. Table 7 shows the valves obtained after
the deviation sequence using Equation (5).

Table 6. Normalizing Data.

Experiments EDR EDCT Cu% Zn%
4 0.4070 1.0 1.0 0

5 0 0.69696 0 1

6 1.0 0 0.52936 0.4706

Table 7. Deviation sequence.

Experiments EDR EDCT Cu% Zn%

4 0.59299 0 0 1

5 1 0.3030 1 0

6 0 1 0.4706 0.52936

The value of the deviation sequence measures the distance between the reference
sequence and the comparable sequence. The comparable sequence value was considered as
one in this study. If the deviation value is close to one, it represents the reference sequence
and comparable sequence are far from each other.

Grey relational coefficient generation was calculated using the formulae shown in
Equation (6). Table 8 shows the values of the grey relational coefficient generation. The
maximum value of one was obtained for EDR, EDCT, Cu%, and Zn% at experiments 6, 4, 4,
and 5, respectively.

Table 8. Grey Relational Coefficient Generation.

Experiments EDR EDCT Cu% Zn%
4 0.45745 1 1 0.3333
5 0.3333 0.62264 0.33333 1

6 1 0.33333 0.33333 0.48573
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Grey relational grade generation was the final step of this process. It can be observed
in Table 9 that rank one was obtained for experiment 4, which represents the sequence
of input parameters used for conducting this experiment are better than the other two
experimental parameters.

Table 9. Grey Relational Grade Generation.

Exp Current Ton Toff EDR EDCT Cu% Zn% GRG Rank

4 8 19 19 0.0008944 19.1 90.77725 9.222 27907 1
5 4 386 162 0.000179 18.43333 87.20265 12.79 22893 2
6 12 126 54 0.0019367 16.9 89.09493 10905 23341 3
4.5.2. TOPSIS

Similar to GRA, TOPSIS also has a step-by-step procedure involving seven steps. The
formulae used to calculate at each step was shown above.

The formation of a matrix using the output parameters is the first step involved in this
process. It helps in processing data more easily and efficiently. The first step is required to
assign weights to the parameters, but here equal weightage was given to all the parameters,
so this step was neglected. Only a decision matrix was formed, as shown in Table 10.

Table 10. Decision matrix.

Experiments EDC EDCT Cu Zn

4 0.0008940 19.1000000 90.7724900 9.2227500
5 0.0001790 18.4333330 87.2026532 12.797340
6 0.0019367 16.8999999 89.0949320 10.9050600

Table 11 shows the normalized decision matrix because, generally, there are bene-
fit attributes and cost attributes in an MCDM problem. Transformation of various at-
tribute dimensions into non-dimensional units and facilitate inter-attribute comparisons.
Equation (9) was implemented to obtain the values shown in Table 11.

Table 11. Normalized decision matrix.

Experiments EDC EDCT Cu Zn

4 0.4176437 0.6069741 0.5886150 0.480931575
5 0.8362218 0.5857883 0.5654664 0.66733294
6 0.9047546 0.5370609 0.5777369 0.56865768

Since equal weightage was given to all the output parameters, 0.25 was considered.
Thus, each value in Table 12 was multiplied with 0.25 to the value and obtained the
weighted normalized decision matrix.

Table 12. Weighted normalized decision matrix.

Experiments EDC EDCT Cu Zn

4 0.1044109 0.1517435 0.1471537 0.1202328
5 0.0209055 0.1464470 0.1413666 0.1668332
6 0.2261886 0.1342652 0.1444342 0.1421644

The positive ideal solution minimizes the cost criteria and maximizes the benefit crite-
ria; on the contrary, the negative ideal solution maximizes the cost criteria and minimizes
the benefit criteria. Here, the parameters that we required were considered positive ideal
solution maximum of all parameters, whereas those that were not required were considered
negative ideal solutions (minimum of all parameters) as shown in Table 13.
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Table 13. Positive and negative ideal solutions.

Experiments EDC EDCT Cu Zn
Positive Ideal solution 0.001936667 19.1000 90.7772490 12.79734
Negative Ideal solution 0.000179000 16.8999999 87.2026532 9.22275096

In this step, the calculation of distance measure from the positive and negative ideal
solution was calculated and tabulated in Table 14. D* and D~ stands for distance from
positive and distance from negative, respectively, as shown in Equations (14) and (15).

Table 14. Distance measures of alternatives from ideal solutions.

Experiments D* D-

4 93.453573 89.11807214
5 93.453895 89.11991495
6 93.456996 89.122003414

The last step was to calculate the relative closeness using the formulae shown in
Equation (16). The values are tabulated in Table 15, and it can be observed that experiment
2 has higher closeness and takes the rank of 1.

Table 15. Relative closeness.

Experiments Relative Closeness Rank
4 0.488126577 3
5 0.488130881073 1
6 0.488128446 2

4.5.3. nD Angle and Information Divergence (ID)

The values tabulated in Table 16 are for —nD angle and ID angle values obtained
using Equation (17), whereas 1D was obtained using Equation (20). It can be observed that
the angle nearest to the reference values are obtained for experiment number 2 for both
—nD angle and information divergence method. Whereas TOPSIS gives similar results like
this, it can be understood that it is an easy process with only one formula to obtain similar
results as TOPSIS, a seven-step method.

Table 16. Closeness —nD angle and ID.

Experiments —nD Angle ID

4 0.037943489 0.008785855
5 0.005594993 0.000183328
6 0.026333974 0.002712809

4.5.4. Parametric Study

Figure 12 depicts that with an increase in input parameters (current, Ton, and Duty
Cycle), EDR increases. In contrast, EDCT increases with an increase in all input parameters.
Moreover, micro-cracks increase with the increase in current, Ton, and Duty Cycle. With
the decrease in input parameters, EDCT maintains the incline but consumes more time
because the deposition rate declines with a decrease in input parameters. The coating
becomes crack-free with comparatively less value of input parameters except for the duty
cycle.
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Figure 12. Output parameters response with respect to input parameters response.

5. Conclusions

In this work, an electrical discharge machine with a conventional electrode was used
for the first time to coat copper alloy on Ti6Al4V material. The main critical task in this
coating process is to fix the suitable input parameters viz. current, Ton, Toff, and duty cycle.
Higher coating thickness was obtained at (current 20 amp Ton 90 ps Toge 65 ps and duty
cycle 58%) with the thickness of 19.96607 um. It was understood that if current increases,
material deposition, coating thickness, and micro-cracks also increase.

Continuation of this research work would concern the optimization process. Hence,
crack-free coating obtained with three different experimental parameters was used to study
these methods, and we understood that —nD angle and information divergence behave
like TOPSIS. Moreover, we understood that an internal coating can be produced with EDM
that has wider application in its wastewater treatment facilities.
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