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Abstract: The influence of WEDM parameters (Spark gap voltage, Pulse-on time, Spark frequency,
and Wire speed) on the recast layer thickness and surface roughness of Spark Plasma Sintered SiC-
TiB2-TiC ceramic composite was investigated. For this, an orthogonal L9 Taguchi design was used,
and grey relational analysis was carried out for multi-response WEDM parameter optimization in
order to determine the minimum RLT and SR. It was noticed that for RLT, the Pulse-on time was
observed as the most significant process parameter, followed by Spark gap voltage. On the other
hand, Spark frequency and Wire speed had no significance for RLT. Moreover, Spark frequency was
observed as the most significant process parameter, followed by Pulse-on time and Spark gap voltage,
while Wire speed had a negligible effect on SR. It was found that at optimal process parameters
(U = 48V; Ton = 1.0 µs; f = 10 kHz; q = 8 m/min), we obtained an RLT of 3.16 µm and an SR of
Ra = 0.847 µm. The confirmation test showed a decrease in RLT and SR by 43.67% and 7.12%,
respectively, in comparison to the initial machining conditions.

Keywords: WEDM; recast layer thickness; surface roughness; grey relational analysis

1. Introduction

In most applications of engineering, SiC, TiB2, and TiC are extensively used because of
their outstanding properties. For instance, SiC is a famous ceramic material because of its
exclusive properties, such as low thermal expansion coefficient [1] and density, adequate
thermal shock resistance [2], high thermal conductivity, strength [3], and hardness [4], and
excellent corrosion and oxidation resistance. TiC is an ultra-high-temperature material
of enormous interest owing to its extreme thermal and chemical stability, high hardness
and wear resistance, adequate electrical and thermal conductivity, and others [5]. The
excellent physical, mechanical, and chemical properties of TiB2, such as high thermal and
electrical conductivities, wear and corrosion resistance, and exceptional hardness, make it
an attractive reinforcement material for ceramic composites.

SiC-TiB2-TiC is a ceramic composite that has attracted considerable attention because
it shows very good mechanical properties, for instance, high tensile strength, chemical
resistance, and creep, and good corrosion resistance and electroconductivity [6–8]. The set of
these properties in a single material makes it promising for its application in different areas
such as coatings, drawing or extrusion, bearing parts, valve seats, seal rings, various high-
temperature engine parts, etc. [9–11]. The SiC-TiB2-TiC system is a perspective composite
material for its use as cutting tool material because it shows the required properties for this
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application [12–14], which was demonstrated by scholars in other studies [5]. Furthermore,
the addition of TiB2 to the SiC-TiC system can influence the cutting tool wear resistance
and increase it because TiB2, under high cutting temperatures, transforms into TiO2 and
B2O3, which can act as lubricants and crack healers [5,15,16].

Different sintering techniques have been used for the consolidation of this system, for
instance, Hot Pressing [17–20], Reactive Hot Pressing [21–23], Arc melting [7,24], Presure-
less Sintering [25], and Self-propagating high-temperature synthesis [6]. All these works
have shown that the sintering process of the SiC-TiB2-TiC system using traditional methods
requires higher temperatures and/or pressures with long dwell times because of the low
self-diffusion coefficients, high melting temperatures, and the covalent bonds of the system
components [26–30]. Knowing this, we can assume that Spark Plasma Sintering (SPS) is a
promising technology for the compaction of the SiC-TiB2-TiC system since SPS uses high
heating rates (from 100 ◦C/min to 1000 ◦C/min) together with the application of an axial
mechanical force [31]. These sintering conditions allow faster densification to be achieved
in a very short time and at lower temperatures, inhibiting grain growth of the starting
materials and obtaining materials with better mechanical properties [32,33]. Therefore, a
composite based on the SiC-TiB2-TiC system and compacted by SPS must be a promising
material for cutting tool applications.

One of the greatest challenges in the processing of ceramic parts is meeting the techni-
cal requirements while maintaining structural integrity. As is known, the most widely used
method for mechanical processing of ceramics materials in the sintered state is grinding.
Grinding is a difficult and expensive method of material removal that is about 80% of the
total manufacturing cost of ceramic material and its components [34]. Moreover, grinding
and other conventional methods cause tool wear during machining, edge chipping, and
surface damage, which lead to ceramic product failure [35]. In order to minimize the
number of failures and reduce costs in the processing of ceramic products, many scientists
are investigating non-conventional methods of ceramic mechanical processing, such as
abrasive jet machining [36], laser machining [37], and even WEDM [38], in order to reach a
higher dimensional accuracy and minimize surface damage.

In the WEDM process, the machined material is eliminated due to fusion and evapo-
ration that takes place when electrical sparks are formed between the machined material
and the electrode, which are immersed in a dielectric medium and subjected to an electric
voltage. When the distance between the machined material and the electrode is reduced, a
discharge flows between them. Once the discharge starts, plasma is formed in the neigh-
borhood of the machined front [39]. Thus, a shallow crater with uniform erosion is formed
when numerous sparks are generated in the discharge zone, thus producing a better surface
finish and a higher material removal rate.

A main condition for carrying out WEDM is that the machined material must be
electrically conductive. However, different WEDM works on dielectric materials have been
carried out; for instance, electrical discharge machining of oxide ceramic was made [40,41].
In this way, WEDM offers reasonable attention for the machining of electroconductive
ceramic materials such as SiC-TiB2-TiC, regardless of their hardness and the complex
profiles that can be obtained, even under further automation.

This paper aims to investigate the WEDM parameters’ influence (Spark gap voltage,
Pulse-on time, Spark frequency, and Wire speed) on the recast layer thickness and surface
roughness of Spark Plasma Sintered SiC-TiB2-TiC ceramic composite. For this purpose, a
multi-response optimization of the WEDM parameters using grey relational analysis was
used with the aim of achieving minimum RLT and SR.

2. Materials and Methods
2.1. Powder Mixture Preparation

In this study, the commercially available SiC (d50 = 0.6 µm, purity 99%), TiB2 (d50 = 0.9 µm,
purity 99.9%), and TiC (d50 = 0.5 µm, purity 99.5%) powders, produced by “Plasmotherm”
Ltd., Moscow, Russia, were used as raw materials.
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The sintered composites were prepared from the mixture of SiC (60 vol.%), TiB2
(25 vol.%), and TiC (15 vol.%) powders. These powders were ball-milled and mixed in
isopropanol for 36 h using SiC balls (∅3 mm) in a polyethylene jar. The powder-to-ball
and the powder-to-isopropanol weight ratios were 1:3 and 1:1, respectively. The obtained
wet powder mixture was dried in a vacuum for 12 h at 80 ◦C. The dry powders were then
crushed in an agate mortar and then sieved (63 µm).

2.2. Spark Plasma Sintering

The sintered composites with a diameter of 20 mm and 6 mm in height were obtained
in a Spark plasma sintering machine H-HP D 25 SD from FCT Systeme GmbH (Rauenstein,
Germany). At the start of sintering, a pressure of 43 MPa was applied from room tempera-
ture to 300 ◦C. Then, both pressure and temperature grew continuously until they reached
1770 ◦C and 80 MPa, wherein the used heating rate was 100 ◦C/min. After reaching 1770 ◦C,
the heating rate was reduced to 25 ◦C/min to reach the sintering temperature of 1870 ◦C,
which was maintained for 10 min. When heating finished, samples were cooled naturally
in the sintering chamber.

Figure 1 shows the applied force, temperature, and punch displacement schedules as
a function of time during the SPS process.
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Figure 1. The applied force, temperature (a), and punch displacement (b) schedules in Spark
plasma sintering.

2.3. Wire Electrical Discharge Machining

Before WEDM, the sintered samples were polished on both sides according to the
traditional polishing technique, where diamond disks of different grain sizes (from F20 to
F600) and diamond suspensions (from 9 µm to 1 µm) were used. The experiments were
carried out in the WEDM machine Arta 123 (Delta Test, Fryazino, Russia). Deionized water
with a conductivity of 0.1 µS/cm was the dielectric medium, and a commercial brass wire
SuperBrass (NPK, Nizhny Novgorod, Russia) with a 0.25 mm diameter was the WEDM
electrode. The specifications of the WEDM machine Arta 123 and the properties of the
SiC-TiB2-TiC ceramic composite are shown in Table 1.
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Table 1. Specifications of WEDM machine and properties of SiC-TiB2-TiC ceramic composite.

Specifications of WEDM Machine Properties of SiC-TiB2-TiC [5]

Machine Arta 123 PRO Theoretical density 3.79 g/cm3

Circuit voltage 220 V, 50 Hz Relative density 98.99%
Dielectric deionized water Thermal diffusivity at 1000 ◦C 13 mm2/s

Pulse-on time 0.3–2.7 µs Hardness 22.28 GPa
Spark frequency 1–35 kHz Electrical conductivity 5.6 S/cm

Electrode brass wire (∅ 0.25 mm) Bending strength 540 MPa
Wire speed 1–14 m/min Fracture toughness 6.2 MPa·m1/2

Spark gap voltage 24–108 V

2.4. Experimental Design

In this investigation, the WEDM process parameters determined as variable factors
were Spark gap voltage, Pulse-on time, Spark frequency, and Wire speed. Table 2 lists the
levels of each factor selected for this study. The lower and upper parameter levels shown
in Table 2 were selected by trial experimentation. The experiment was designed by the
number of levels and degrees of freedom in each process parameter.

Table 2. Values of variable WEDM process parameters used in this study.

Levels

Factor/Units Symbol 1 2 3

Spark gap voltage (V) U 48 60 72
Pulse-on time (µs) Ton 1 1.5 2

Spark frequency (kHz) f 10 15 20
Wire speed (m/min) q 4 6 8

Thus, a Taguchi L9 orthogonal array was selected for four variables, with every vari-
able parameter having three levels. WEDM of SiC-TiB2-TiC composite was performed for
a distance of 5 mm during each experiment, and each of them was repeated 3 times [42].
In this study, the recast layer thickness and average surface roughness from WEDM of
SiC-TiB2-TiC composite were considered response parameters. Surface roughness testing
was conducted using a stylus profilometer Hommel-Tester T8000 (Hommel Werke, Lued-
inghausen, Germany), which measured the SR perpendicular to the wire direction in terms
of Ra (µm). The mean of three surface roughness values was taken for analysis purposes.

The RLT analysis was conducted according to the methodology used by Bisaria in his
work [43]. In the present work, a recast layer image of each experiment was taken using
the scanning electron microscope Phenom ProX (ThermoFisher Scientific, Waltham, MA,
USA). Before SEM analysis, the samples were washed using ultrasound in isopropanol for
20 min to remove any residue remaining on the sample surfaces. Then, the SEM image
was imported into JMicroVision software (version 1.3.4, 2019, Nicolas Roduit, Geneva,
Switzerland) in order to measure the recast layer area and the recast layer length. After
that, recast layer thickness was calculated using the equation:

RLT = RLA/RLL. (1)

2.5. Grey Relational Analysis

Grey relational analysis is a popular optimization method in manufacturing engineer-
ing developed by Deng [44] with the aim of determining the optimal process parameter
combination using the conversion of multi-responses into a single GRG. Grey relational
analysis uses a specific codification of information; for instance, situations with concrete
and perfect information are classified (represented) as white, while situations with no
information are classified as black. However, there exist experimental situations with
partial information, i.e., between black and white, which can be represented as a grey
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system. In GRA, the process that normalizes the response parameters from zero to one is
known as normalization. After that, the grey relational coefficient is calculated based on the
normalized data. Then, the GRG is the average value of the grey relational coefficients of
response parameters, and it represents the level of correlation between the reference (ideal)
sequence and the comparability sequence [45], in which the ideal sequence represents
the best performance that could be achieved by any among the comparability sequences.
Therefore, if a comparability sequence for an alternative gets the highest grey relational
grade with the reference sequence, this means that the comparability sequence is most sim-
ilar to the reference (ideal) sequence and that alternative would be the best choice [46–48].
Therefore, the overall performance response depends on the grey relational grade, and it is
the objective function.

2.5.1. Normalization

The experimental response parameters are normalized within a range between 0 and
1, according to the quality characteristic of each of them. There are 3 types of quality
characteristics: higher is better, lower is better, and desired value [49]. In this investigation,
the response parameters RLT and SR are of the quality type “the lower the better”. Thus,
their normalized values will be calculated by using Equation (2):

Bi*(m) = (max Bi(m) − Bi(m))/(max Bi(m) −min Bi(m)), (2)

where Bi*(m) is the normalized value (Bi*(m) ∈ [0,1]), max Bi(m) is the maximum experimen-
tal value, min Bi(m) is the minimum experimental value, Bi(m) is the experimental value to
be normalized, i is the number of experimental items, and m is the response parameter.

2.5.2. Deviation

Deviation is calculated by using Equation (3):

∆0i(m) = |B0*(m) − Bi*(m)|, (3)

where ∆0i(m) is the deviation (∆0i(m) ∈ [0,1]), Bi*(m) is the normalized value to be analyzed,
and B0*(m) is the reference value that is equal to the maximum among the normalized values.

2.5.3. Grey Relational Coefficient

The grey relational coefficient is calculated by using Equation (4)

GRCi(m) = [∆min + ξ ∆max]/[∆0i(m) + ξ ∆max], (4)

where ∆min is the minimum deviation value among ∆0i(m), ∆max is the maximum deviation
value among ∆0i(m), ξ is a distinguishing coefficient [0–1] that generally is equal to 0.5 in
order to allocate equal weights to every parameter [50]. GRCi(m) ∈ [0,1].

2.5.4. Grey Relational Grade

The grey relational grade is the average of all GRCs calculated using Equation (4) in
each experiment, and it is calculated by using Equation (5):

GRGi(m) =
1
n ∑n

m = 1 GRCi(m), (5)

where i is the number of experimental items, n is the number of response parameters, and
GRGi(m) is the GRCs of ith experiment. GRGi ∈ [0,1].

3. Results and Discussion

Table 3 shows the experimental values of RLT and SR for the Taguchi L9 orthogonal
array used in this study.
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Table 3. L9 Taguchi orthogonal design with experimental responses.

Exp. No. Process Parameters Response Parameters

U (V) Ton (µs) f (kHz) q (m/min) RLT (µm) SR (µm)

1 48 1.0 10 4 3.35 0.883
2 48 1.5 15 6 3.61 0.982
3 48 2.0 20 8 5.87 1.181
4 60 1.0 15 8 3.56 0.900
5 60 1.5 20 4 4.77 1.152
6 60 2.0 10 6 6.21 0.935
7 72 1.0 20 6 4.41 0.928
8 72 1.5 10 8 6.16 0.794
9 72 2.0 15 4 6.42 0.973

3.1. Parametric Effect on Recast Layer Thickness

The recast layer thickness was calculated using SEM images of nine different experi-
mental results, as shown in Figure 2.
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V, µs, kHz, and m/min, respectively. (a) Experiment 1: U = 48; Ton = 1.0; f = 10; q = 4; (b) Experiment 2:
U = 48; Ton = 1.5; f = 15; q = 6; (c) Experiment 3: U = 48; Ton = 2.0; f = 20; q = 8; (d) Experiment 4:
U = 60; Ton = 1.0; f = 15; q = 8; (e) Experiment 5: U = 60; Ton = 1.5; f = 20; q = 4; (f) Experiment 6:
U = 60; Ton = 2.0; f = 10; q = 6; (g) Experiment 7: U = 72; Ton = 1.0; f = 20; q = 6; (h) Experiment 8:
U = 72; Ton = 1.5; f = 10; q = 8; (i) Experiment 9: U = 72; Ton = 2.0; f = 15; q = 4.

Table 4 shows the analysis of variance for recast layer thickness. Here, it can be seen
that Ton was observed as the most significant process parameter, trailed by U, while Spark
frequency and Wire speed had no significant effect on RLT. The contribution of Ton and U
process parameters to RLT was 67.82% and 22.90%, respectively.
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Table 4. ANOVA for recast layer thickness.

Source DF SS MS F-Value p-Value % Contr.

Regression 4 11.6779 2.91949 12.70 0.015 92.70
U 1 2.8843 2.88427 12.54 0.024 # 22.90

Ton 1 8.5443 8.54427 37.15 0.004 # 67.82
f 1 0.0726 0.07260 0.32 0.604 * 0.58
q 1 0.1768 0.17682 0.77 0.430 * 1.40

Error 4 0.9199 0.22997 7.30
Total 8 12.5978 100.00

R-sq = 92.70%, R-sq (Adj.) = 85.40%, R-sq (pred.) = 39.67%
DF—degrees of freedom, SS—sum of square, MS—mean square, F-value—Fischer value, p-value—probability
value, % Contr.—% contribution, #—significant, and *—nonsignificant.

Analysis of variance was used to determine the regression coefficients of the model.
Equation (6) represents the regression model for RLT prediction at 95% CI in terms of

significant process parameters.

RLT = −2.32 + 0.0578 U + 2.387 Ton. (6)

Figure 3 shows the main effect plots for recast layer thickness, which describe the
effect of process parameters on RLT.
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This figure depicts an increasing trend for RLT when the Spark gap voltage and
Pulse-on time increase from 48 to 72 V and from 1.0 to 2.0 µs, respectively. This increase
in RLT can be explained by the higher discharge energy across the electrodes available
to melt more material for the given U and Ton, which produces a significant increase in
local heat generation, leading to further melting of the work material and, therefore, to
a greater recast layer thickness. In this study, the thicker RLT (6.41 µm) was observed at
U = 72V; Ton = 2.0 µs; f = 15 kHz; and q = 4 m/min, which corresponds to experiment 9.
However, with the increase in Spark frequency from 10 to 15 kHz, a decrease in RLT
was observed. This could be related to the effective flushing of eroded material at the
given Spark frequency values. Then, an increase in RLT was noticed with increasing
Spark frequency from 15 to 20 kHz. This may be related to the fact that at a higher Spark
frequency, the pulse-off time is shorter and, therefore, the flushing time is also shorter,
which reduces the spark gap since the debris formed cannot be easily removed [51,52].
This reduction in spark gap leads to a significant increase in spark intensity and ionization
density in the spark zone, creating a significant increase in local heat generation, which
forms a thicker RLT.
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The values for pulse-off time (µs) can be easily calculated from Spark frequency using
Equation (7):

Toff = (1/f) × 106 − Ton. (7)

The Wire speed shows a mixed effect, but, in general, this factor does not have a
significant influence on RLT, as has been confirmed in other works [53–55]. For instance, an
increase in Wire speed (q) from 4 to 6 m/min results in a small decrease in RLT from 4.84
to 4.73 µm., while a further increase in q to 8 m/min leads to a small increase in RLT to
5.18 µm. A lower recast layer thickness (3.35 µm) was obtained at U = 48V; Ton = 1.0 µs;
f = 10 kHz; and q = 4 m/min, which corresponds to experiment 1.

3.2. Parametric Effect on Surface Roughness

Table 5 shows the analysis of variance for surface roughness in this study. Here, it may
seem that Spark frequency was determined as the most significant variable factor, followed
by Pulse-on time and Spark gap voltage, while Wire speed had no significant effect on SR.
From Table 5, it can be seen that the contribution of f, Ton, and U process parameters to SR
were 56.24%, 19.42%, and 16.52%, respectively.

Table 5. ANOVA for surface roughness.

Source DF SS MS F-Value p-Value % Contr.

Regression 4 0.1173 0.02933 17.30 0.009 94.52
U 1 0.0205 0.02053 12.12 0.025 # 16.52

Ton 1 0.0241 0.02407 14.20 0.020 # 19.42
f 1 0.0698 0.06977 41.16 0.003 # 56.24
q 1 0.0029 0.00295 1.74 0.258 * 2.34

Error 4 0.0068 0.00169 5.48
Total 8 0.1241 100.00

R-sq = 94.54%, R-sq (Adj.) = 89.07%, R-sq (pred.) = 80.15%
DF—degrees of freedom, SS—sum of square, MS—mean square, F-value—Fischer value, p-value—probability
value, % Contr.—% contribution, #—significant, and *—nonsignificant.

Analysis of variance was used to determine the regression coefficients of the model.
Equation (8) represents the regression model for SR prediction at 95% CI in terms of

significant process parameters.

SR = 0.816 − 0.00487 U + 0.1267 Ton + 0.02157 f, (8)

Figure 4 shows the main effect plots for surface roughness, which describe the effect
of process parameters on it.
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This figure shows that U, Ton, and f are the most influencing factors. In this study, the
higher surface roughness (1.181 µm) was observed at U = 48V; Ton = 2.0 µs; f = 20 kHz;
and q = 8 m/min, which corresponds to experiment 3. An increase in Spark gap voltage
from 48 to 72 V results in a decreasing trend for SR. This may be related to the fact that the
spark gap between the material’s surface and the electrode is regulated by the parameter
U. Thus, when U is decreased, the spark gap between the work material’s surface and
the electrode is also reduced, leading to a significant increase in ionization density and
spark intensity in the spark gap. This effect causes a significant increase in local heat
generation, which leads to further melting of the work material. Furthermore, the reduced
spark gap prevents efficient flushing and allows the removal of only a small amount of
molten material from the work zone. In addition, because the flushing time is reduced, the
cooling time of the machined surface is also reduced, which leads to a noticeable increase
in surface roughness. An increase in Ton from 1 to 2 µs results in deterioration of the
surface quality (defined by roughness). This is because the increase in Ton leads to an
increase in the discharge energy across the electrodes, which produces large vapor bubbles
that collapse, producing large craters on the machined surface during the recrystallization
process, which is in concordance with [56]. When Spark frequency is low, Toff increases,
which facilitates the flushing of eroded material from the machined zone and reduces
the SR [57]. On the other hand, when Spark frequency increases, a significant increase in
surface roughness is observed. This is related to the decrease in Toff time, which increases
the discharge energy and, at the same time, decreases the flushing and cooling time, which
favors an increase in roughness. [58,59]. An increase in Wire speed from 4 to 6 m/min
results in a small improvement in surface roughness (from 1.00 to 0.95 µm), which is in
concordance with [43]. A further increase in speed from 6 to 8 m/min results in a small
increase in surface roughness (from 0.95 to 0.96 µm). A lower surface roughness (0.79 µm)
was obtained at U = 72V; Ton = 1.5 µs; f = 10 kHz; and q = 8 m/min, which corresponds to
experiment 8.

3.3. Optimization Using Grey Relational Analysis

The obtained results of response parameters RLT and SR were normalized using
Equation (2). After that, Equation (3) was used to calculate the deviation of each response
parameter. Then, the grey relational coefficient was calculated using Equation (4). In
this equation, coefficient ξ was considered to be 0.5. Next, the grey relational grade was
estimated using Equation (5) and the calculated GRC for RLT and SR.

The rank of each experiment, based on the GRG value, is shown in Table 6. Here,
it can be appreciated that experiment 1 shows the highest GRG value. This means that
experiment 1 had the best multiple-run responses among the nine experiments performed.
Second and third places in the rank are held by experiments 4 and 2, respectively.

Table 6. Grey relational analysis.

Exp. Normalized Deviation GRC
GRG Rank

No RLT SR RLT SR RLT SR

1 1.0000 0.7700 0.0000 0.2300 1.0000 0.6850 0.8425 1
2 0.9153 0.5142 0.0847 0.4858 0.8552 0.5072 0.6812 3
3 0.1792 0.0000 0.8208 1.0000 0.3785 0.3333 0.3559 9
4 0.9316 0.7261 0.0684 0.2739 0.8797 0.6461 0.7629 2
5 0.5375 0.0749 0.4625 0.9251 0.5195 0.3509 0.4352 7
6 0.0684 0.6305 0.9316 0.3695 0.3493 0.5750 0.4621 6
7 0.6547 0.6537 0.3453 0.3463 0.5915 0.5908 0.5912 5
8 0.0847 1.0000 0.9153 0.0000 0.3533 1.0000 0.6766 4
9 0.0000 0.5375 1.0000 0.4625 0.3333 0.5195 0.4264 8

Table 7 shows the tabulated responses of the average grey relational grade, calculated
for the three levels of process variable factors. In this table, it can be observed that the
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maximum GRG of Spark gap voltage, Pulse-on time, Spark frequency, and Wire speed
corresponds to levels 1, 1, 1, and 3, respectively.

Table 7. Response for the average GRG.

Level U Ton f q

1 0.6265 0.7322 0.6604 0.5680
2 0.5534 0.5977 0.6235 0.5782
3 0.5647 0.4148 0.4608 0.5985

Delta 0.0731 0.3174 0.1996 0.0304
Rank 3 1 2 4

Total mean of GRG = 0.5816.

Therefore, the optimal process parameter combination for the minimum RLT and SR
was determined as U = 48 V; Ton = 1.0 µs; f = 10 kHz; and q = 8 m/min.

Figure 5 shows the main effect plots for GRG, which describe the effect of process
parameters on it. Here, the dashed line represents the value corresponding to the total
mean of GRG.
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3.4. Confirmation Test

After identifying the optimal process parameter combination, confirmation experi-
ments for prediction and validation were carried out. Thus, the predicted results were
compared with the experimental findings obtained at the optimal process parameter com-
bination. Predicted GRG (η) was calculated by using Equation (9) at the optimal process
parameter combination [50,60].

GRG(η) = ηm + ∑P
i = 1(ηi − ηm), (9)

where ηm is the total mean of GRG, ηi = maximum of average GRG at the optimal level of
process parameters, p = number of process parameters affecting responses = 4.

In this study, the ηm = 0.5816, p = 4, ηi (U) = 0.6265, ηi (Ton) = 0.7322, ηi (f) = 0.6604,
ηi (q) = 0.5985. Thus, the predicted GRG (η) is:

GRG (η) = 0.5816 + (0.6265 − 0.5816) + (0.7322 − 0.5816) + (0.6604 − 0.5816) + (0.5985
− 0.5816) = 0.8729.

Figure 6 shows the SEM images of surfaces obtained using the optimized parameters
and their respective profiles.
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for replicates 1, 2, and 3; and (b,d,f)—surface roughness of RLT shown in (a,c,e), respectively.

Table 8 shows the response values at the optimal process parameter combination and
the initial process parameters. In GRA, the values of GRG near the mean line of the main
effect plot are the initial process parameters (Figure 5). In Table 8, it can be seen that the
RLT value was reduced from 5.61 µm to 3.16 µm, and the RS was reduced from 0.912 µm to
0.847 µm. In addition, it is observed that the experimental results agree with the predicted
values, showing an increase in the GRC of 0.2756.
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Table 8. Confirmation test.

Parameters Initial Process Parameters
Optimal Process Parameters

Predicted Experimental

Combination Level (U)3(Ton)2(f)2(q)2 (U)1(Ton)1(f)1(q)3 (U)1(Ton)1(f)1(q)3
RLT 5.61 3.31 3.16
SR 0.912 0.836 0.847

GRG 0.6194 0.8729 0.8925
Improvement in GRG = 0.8925 − 0.6194 = 0.2756.

4. Conclusions

In this work, WEDM of SiC-TiB2-TiC electrically conductive ceramic composites was
studied. For this, an orthogonal L9 Taguchi design was used. In addition, the influence of
the process parameters on the RLT and SR response parameters was studied, and it was
possible to identify, based on ANOVA, which process parameters were significant for each
of the response parameters. Moreover, grey relational analysis was used to determine the
combination of optimal process parameters in order to reach a lower recast layer thickness
and surface roughness.

In general, the following conclusions can be made:

• For recast layer thickness, the Pulse-on time was observed as the most significant
process parameter, followed by Spark gap voltage. On the other hand, Spark frequency
and Wire speed had no significance for RLT. An increasing trend for RLT was observed
when the Spark gap voltage and Pulse-on time increased from 48 to 72 V and from
1.0 to 2.0 µs, respectively. Moreover, it has been noted that Spark frequency and Wire
speed show a mixed effect. With the increase in Spark frequency from 10 to 15 kHz
and Wire speed from 4 to 6 m/min, a decrease in RLT was observed. On the other
hand, when Spark frequency and Wire speed increased from 15 to 20 kHz and from 6
to 8 m/min, respectively, an increase in RLT was noticed.

• For surface roughness, Spark frequency was observed as the most significant process
parameter, followed by Pulse-on time and Spark gap voltage. On the other hand, Wire
speed had no significance for SR. A decrease in SR was observed with an increase in
U. Moreover, it was noticed that SR decreased with a decrease in Pulse-on time and
Spark frequency, while Wire speed showed a mixed effect. When Wire speed increased
from 4 to 6 m/min, SR decreased from 1.00 to 0.95 µm. On the other hand, a further
increase in speed results in a small increase in SR, from 0.95 to 0.96 µm.

• An RLT of 3.16 µm and an SR of Ra = 0.847 µm were obtained at optimal process
parameters (U = 48V; Ton = 1.0 µs; f = 10 kHz; and q = 8 m/min). The RLT of 3.16 µm
was the thinnest recast layer obtained.

• Confirmation test showed that, in comparison to the initial machining conditions,
WEDM of SiC-TiB2-TiC ceramic composite at optimal process parameters shows a
decrease in RLT and SR by 43.67% and 7.12%, respectively.
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Abbreviations

ANOVA Analysis of variance,
B2O3 Boron trioxide,
f Spark frequency,
GRA Grey relational analysis,
GRC Grey relational coefficient,
GRG Grey relational grade,
q Wire speed,
RLA Recast layer area,
RLL Recast layer length,
RLT Recast layer thickness,
SEM Scanning electron microscope,
SiC Silicon carbide,
SR Surface roughness,
TiB2 Titanium diboride,
TiC Titanium carbide,
TiO2 Titanium dioxide,
Toff Pulse-off time,
Ton Pulse-on time,
U Spark gap voltage,
WEDM Wire electrical discharge machining.
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