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Abstract

Ti-3Al-2.5V superalloy is a highly structural and functional material predominantly used
in hydraulic tubing for aircraft like Boeing and honeycomb structures in structural applica-
tions. In this study, the Wire Electrical Discharge Machining input parameters considered for
observation were Pulse on time (Ton), Pulse off time (Toff), Wire Feed (WF), and Wire Tension
(WT). The output responses analyzed were kerf width (KW) and Surface Roughness (SR).
Taguchi’s L16 orthogonal array was used for conducting experiments. The smallest and largest
kerf width values observed were 0.311 and 0.344 mm, respectively. The lowest and highest
surface roughness values observed were 1.530 and 2.649 µm, respectively. Signal-to-noise ratio
response and Analysis of Variance revealed that Pulse on time (Ton) was the most influential
parameter affecting kerf width and surface roughness. Microstructure analysis of machined
samples and wire electrodes was carried out with a Scanning Electron Microscope.

K e y w o r d s: surface roughness, scanning electron microscopy, surface characterization,
titanium-based superalloy, Wire EDM, kerf width

1. Introduction

Titanium and its alloys have significantly impacted
today’s aerospace, automotive, and biomedical indus-
tries [1, 2, 5]. These alloys also have applications in
food processing, shipbuilding, and chemical engineer-
ing [3]. However, the question that intrigues ourmind
is what makes this group of alloys desirable in these
domains. Some of the crucial reasons could be their
phenomenal strength-to-weight ratio, exceptional cor-
rosion resistance, high heat transfer efficiency, and
brilliant erosion resistance, to name a few [2]. Cur-
rently, a wide variety of titanium alloys are available
on the market. However, we can categorize them into
three chief groups as α alloys, β alloys, and α + β
alloys, based on the alloying elements used [1]. Gener-
ally, in pure titanium, the α phase (hexagonal close-
packed structure) is stable up to a temperature of
1153 K. However, beyond this temperature, it trans-
forms into a body-centered cubic structure known as
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β phase, and this temperature is called as β transi-
tion temperature [2]. Based on the effect induced by
the alloying elements in pure titanium, we can clas-
sify them as α stabilizers and β stabilizers. The addi-
tion of α stabilizers increases the β transition tempe-
rature, as mentioned before. Conversely, the addition
of β stabilizers reduces this transition temperature [1,
2]. Some common examples of α stabilizers are alu-
minum (Al) and tin (Sn). On the other hand, alloy-
ing elements like vanadium (V), molybdenum (Mo),
chromium (Cr), and copper (Cu) are examples of β
stabilizers [2].
Now that we have discussed the desirable prop-

erties, application domains, and classification of ti-
tanium alloys, the next question that pops into our
minds is the machinability aspect of these alloys. Gen-
erally, nickel-based alloys and titanium-based alloys
are regarded as highly difficult-to-machine materials
[5]. In general, machining difficult-to-machine mate-
rials like these titanium alloys using conventional or
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traditional machining methods is costly [4]. The main
drawbacks of implementing conventional machining
include high tool wear, poor surface finish, prolonged
machining time, and inability to accomplish some in-
tricate or complex shapes [4, 6]. To overcome these
drawbacks, we can implement non-conventional ma-
chining techniques like Laser BeamMachining (LBM),
Water Jet Machining (WJM), Electro Discharge Ma-
chining (EDM), Wire Electrical Discharge Machin-
ing (WEDM), etc. [6]. Among these non-conventional
techniques, EDM is used widely due to its ability
to machine difficult-to-machine materials in different
complex shapes [4].
Wire Electrical Discharge Machining is an uncon-

ventional method that electrically eliminates mate-
rial from any conductive workpiece, irrespective of its
hardness [7]. When a metallic wire performs as a tool
electrode in the EDM process, it is referred to as Wire
Electrical Discharge Machining, and its operation is
like that of cutting using a band saw [4]. The basic
principle of WEDM is the melting and evaporation of
material from the workpiece with the assistance of a
wire, which is subjected to direct current in the pres-
ence of an insulating dielectric medium [7]. The follow-
ing literature review will explore some of the different
alloys machined via WEDM and the respective wire
electrodes researchers implemented recently.
Basavaraju et al. have investigated the effect of

process parameters like Pulse-on time (Ton), Pulse-off
time (Toff), and Indicated Power (IP) on the Surface
roughness (Ra) and Material Removal Rate (MRR)
for Grade 7 Titanium alloy, which was machined us-
ing WEDM. The wire electrode used here was a zinc
(Zn) coated brass wire with a diameter of 0.25mm.
Additionally, the researchers have employed an L27 or-
thogonal array as their Design of Experiment (DOE).
Based on the results obtained from the statistical tech-
niques, it was found that Ton and peak current greatly
impacted MRR. Moreover, the most significant factor
that had an impact on MRR and Ra was found to be
Toff at 58.81 and 36.11%, respectively. Another point
to be noted was that the MRR decreased as the Toff
increased because of the reduced spark discharges dur-
ing this period. The high discharge energy produced
due to increased peak current affected the surface fin-
ish significantly [8].
Veere et al. optimized the process parameters for

machining Ti-16Al-14Nb (α/β, ML-Grade) alloy us-
ing Wire Electrical Discharge Machining. The selected
process parameters were Pulse on duration, Peak cur-
rent, and Pulse off duration. The design of experi-
ments was based on a 3 × 3 factorial design. Kerf
width, MRR, and surface roughness were the selected
performance measures in this research. High MRR and
surface roughness were observed at the maximum level
of input factors. ANOVA results showed that peak
current and pulse-on duration significantly influenced

the performance measures compared to pulse-off du-
ration. The authors concluded by identifying the de-
sirability of optimal solutions [9].
Ezeddini et al. investigated the impact of WEDM

process parameters such as feed rate, servo voltage,
pulse on duration, and flushing pressure on surface
finish during machining of the Ti-6242 superalloy. The
machining of this alloy was carried out using a brass
wire electrode. The DOE was based on Taguchi’s L9
orthogonal array. This study exposed that reducing
pulse on duration and feed rate at high servo-voltage
led to minimal surface damage caused by machining.
Similarly, it was found that surface micro-crack den-
sity was influenced by pulse on duration at greater
levels of feed rate and servo voltage [10].
Mussada has modeled and predicted the process

parameters for machining Grade 2 Titanium alloy us-
ing WEDM. Six input parameters, such as peak cur-
rent (Ip), Ton, servo feed, servo voltage, wire ten-
sion, and wire feed, were chosen for this study. Mate-
rial Removal Rate (MRR) and Power consumption
(Pc) were considered as output responses. This study
adopted an Adaptive Neuro Fuzzy Interface System
(ANFIS) to construct the predictive models for the
output mentioned above responses. Based on the con-
clusions drawn, it was evident that MRR increased
significantly with an increase in pulse on time and
peak current [11].
Satyanarayana et al. have conducted experimen-

tal studies on Inconel 600 machined in WEDM. Zinc-
coated wire has been used to machine this nickel-based
alloy. Nine experiments were carried out in this study.
Input current, Ton, and Toff were the selected machin-
ing parameters. In this study also, the selected out-
put responses were MRR and Ra. ANOVA analysis
revealed that Pulse on time had the most significant
impact on surface roughness at 35.59%, and current
had the most significant impact on MRR at 70.74%.
The optimization results exposed that MRR was op-
timum at current – 8 A, pulse on – 4 µs, and pulse off
– 5 µs. Similarly, the Ra was optimum at current – 4
A, pulse on – 2 µs, and pulse off – 9 µs [12].
Prasana et al. have optimized the WEDM machin-

ing parameters for α-phase Ti 6242 alloy. A brass wire
of diameter 0.25mm was used for machining. This
study considered four machining parameters: Ton, Toff ,
voltage, and wire feed rate. The adopted DOE was
Taguchi’s L27 orthogonal array. The Technique for
Order of Preference by Similarity to Ideal Solution
(TOPSIS) methodology has been implemented in this
research to perform optimization. Based on the results
obtained from this TOPSIS methodology, high MRR,
and good surface finish were achievable at pulse on
time of 6 µs, pulse off time of 6 µs, voltage of 80 V,
and wire feed rate of 4 mmin−1 [13].
Aggarwal et al. executed the empirical modeling of

WEDM process parameters for machining Inconel 690



H. M. Suhail et al. / Kovove Mater. 62 2024 167–179 169

superalloy. The modeling has been done via Response
Surface Methodology (RSM) with input parameters
such as Ton, Toff , peak current, and spark voltage. This
research considers surface roughness and cutting rate
as output responses. A zinc-coated brass wire with a
0.25mm diameter has been used as the electrode for
machining Inconel 690. The central composite design
(CCD) has been applied as the DOE in this study.
The conclusive results showed that Ton had the most
prominent impact on cutting rate and surface finish
[14].
Kumar et al. used Grade 5 Titanium alloy (Ti-6Al-

-4V) as the workpiece to conduct their study. The ma-
chining was carried out using a brass wire of 0.25 mm
diameter. Taguchi’s L18 orthogonal array was utilized
for conducting experiments. The input parameters
considered for experiments were Ton, Toff , peak cur-
rent, and servo voltage. In addition, MRR, surface
roughness, and kerf width were selected as output re-
sponses in this study. Once the experiments were car-
ried out, optimization was done using the Grey Re-
lational Analysis methodology. The results revealed
that 100 µs – pulse on time, 50 µs – pulse off time,
12 A – peak current, and 10 V – servo voltage was the
optimal combination of process parameters [15].
Majumder & Maity have implemented a General

Regression Neural Network (GRNN) and Multiple Re-
gression Analysis (MRA) to perform predictive anal-
ysis. In this experimental study, Grade 6 Titanium
alloy was machined using brass wire. The selected ma-
chining parameters were Ton, Toff , wire feed, and wire
tension. The experiments were carried out based on
Taguchi’s L27 orthogonal array. The output responses
considered were surface roughness, MRR, and kerf
width. The results concluded that the GRNN model
displayed lesser estimated error than the MRA model
[16].
Kumar et al. implemented an integrated Genetic

Algorithm (GA) approach with Response Surface
Methodology (RSM) to optimize WEDM process pa-
rameters. Nimonic-90, a nickel-based superalloy, has
been employed as the work material in this research
work, and the corresponding wire electrode used to
machine it was zinc-coated brass wire. Servo voltage,
discharge current, Ton, and Toff were selected as the
input parameters. Since the RSM methodology was
utilized, the DOE was based on Central Composite
Design (CCD). The only output response considered
in this study was surface roughness. The obtained re-
sults showed that Ton had the most substantial impact
on surface roughness [17].
Reolon et al. have compared the performance of

coated and uncoated wires while machining IN718 al-
loy using WEDM. Uncoated and zinc-coated brass
wires have been used for this comparative study. The
input parameters selected in this research were pulse
interval duration, wire speed, and discharge period.

The output characteristics analyzed were kerf width,
recast layer, and wire feed. Implementing optimized
WEDM process parameters exposed a significant in-
crease in wire feed rate for zinc-coated and uncoated
wires at 35 and 36%, respectively. Similarly, for the
optimized condition, there was a prominent reduc-
tion in wire consumption for zinc-coated and uncoated
wires at 40 and 80%, respectively [18].
Prathik et al. studied the Acoustic Emission

(AE) signals and surface roughness characteristics for
Grade 2 Titanium alloy machined using WEDM. For
machining purposes, a molybdenum wire with a diam-
eter of 0.18mm has been utilized in this experimental
investigation. Model development and estimation have
been done with the help of Artificial Neural Network
(ANN). The process parameters varied in this study
were current, bed speed, pulse on time and pulse off
time. In addition, experiments were performed based
on Taguchi’s L16 orthogonal array. Conclusive results
showed an increase in roughness plot at maximum cut-
ting condition. Moreover, it was found that training
the neural network with 70% of data in the training
set unveiled better results than 50 or 60% of data in
the training set [19].
Shri & Rahul have conducted an experimental in-

vestigation in machining cold-pressed Grade 2 Tita-
nium alloy using WEDM. The machining was car-
ried out using a 0.25mm diameter brass wire. This
study uses seven variable parameters: wire feed rate,
wire tension, servo feed rate, flushing pressure, peak
current, pulse on time, and pulse off time. The ex-
periments have been designed based on Taguchi’s L27
orthogonal array. Additionally, a brass wire with a
0.25mm diameter has been utilized as the wire elec-
trode for machining this alloy. This research focused
onminimizing surface roughness by optimizing the in-
put parameters [20].
Saedon et al. have investigated the effect of input

process parameters such as peak current, wire feed,
pulse-off time, and wire tension on the machinabil-
ity aspects like material removal rate, cutting rate,
kerf width, and surface roughness during the machin-
ing of Grade 5 Titanium alloy in WEDM. Optimiza-
tion was done using Grey Relational Analysis (GRA)
and Analysis of Variance (ANOVA). The results of
this study exhibited that noteworthy improvement in
machining performance was attainable with this opti-
mization method [21].
Nandakumar & Mohan have performed multi-

objective optimization for machining Ti-6Al-4V alloy
using WEDM. The technique that they have imple-
mented for performing optimization is Response Sur-
face Methodology (RSM). This research aimed to op-
timize input parameters like pulse on time, pulse off
time, and wire feed rate to attain high MRR and good
surface finish. After experimentation, conclusions were
drawn that surface roughness and material removal
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rate were amplified with an increase in pulse on time.
In addition, pulse off time seemed to have a meager
effect on surface roughness compared to other param-
eters [22].
The literature review revealed that Grade 5 Tita-

nium alloy and nickel-chrome-based superalloys had
been widely used for experimental investigations re-
lated to Wire Electrical Discharge machining. The
commonly implemented wire electrodes were either
plain brass wire electrode (or) zinc-coated wire elec-
trode. The extensive literature review revealed that
experimental studies of Grade 9 Titanium alloy con-
cerning WEDM is a lesser explored area and is the pri-
mary research gap that led to this experimental study.
Additionally, using special wire electrodes like diffu-
sion annealed wire to machine the alloy mentioned
above is not very common, which is another identi-
fied research gap from the literature. In this regard,
we will observe the influence of process parameters on
kerf width and surface roughness obtained during the
machining of Grade 9 Titanium alloy using diffusion–
annealed wire electrode. This study will give a clear
understanding of the impact of Wire EDM input pro-
cess parameters on critical output responses such as
kerf width and surface roughness during machining of
Ti-3Al-2.5V alloy. The alloy used in this study, i.e.,
Ti-3Al-2.5V alloy, finds applications primarily in hon-
eycomb structures and aircraft tubings. So, the find-
ings of this study will contribute to manufacturing en-
gineers in these sectors as it will give them an overview
of what input process parameters to monitor during
the machining of this alloy in Wire EDM. This, in
turn, will help them achieve defect-free components
with good surface finish that are dimensionally accu-
rate.

2. Materials and methods

2.1. Material

Grade 9 Titanium alloy (Ti-3Al-2.5V) with dimen-
sions of 200 × 200 × 10mm3 has been considered the
workpiece in this study. The chemical composition of
this alloy is shown in Table 1 [23]. This alloy is primar-
ily used in hydraulic high-pressure lines. Replacing the
stainless-steel pipes with this alloy in these hydraulic
high-pressure lines can reduce weight by 40% [3].
Ti-3Al-2.5V alloy also finds application in the man-

ufacture of honeycomb structures, which provides im-
proved strength compared to honeycomb structures
made of cold-pressed titanium [1].

2.2. Design of Experiments (DOE)

To analyze the relationship between input process
parameters and output responses, we need to plan the

Ta b l e 1. Chemical composition of Grade 9 Titanium al-
loy

Al V Fe O C N H Ti

3.2 2.5 0.25 0.12 0.05 0.02 0.012 Balance

Ta b l e 2. Levels of selected machining parameters

Parameters Level 1 Level 2 Level 3 Level 4

Pulse on time (µs) 3 5 7 9
Pulse off time (µs) 8 10 12 14
Wire Feed (m min−1) 2 4 6 8
Wire Tension (grams) 400 600 800 1000

Fig. 1. EXCETEK – EX 40 WEDM setup.

experiments systematically. The procedure for plan-
ning these experiments in an efficient way is known as
the Design of Experiments (DOE). The initial steps
in creating a DOE are fixing the objective of the ex-
periments and choosing the suitable process variables
[24]. In our study, the objective is to observe the kerf
width and surface roughness based on which they have
been selected as output responses. Similarly, the se-
lected input parameters for this study were Pulse on
time, Pulse off time, wire tension, and wire feed. Ta-
ble 2 shows the input parameters and their fixed levels
based on literature review, pilot experiments, and ma-
chine constraints. Taguchi’s L16 orthogonal array has
been used as the DOE to conduct experiments.

2.3. Experimental setup

The machining of Ti3Al2.5V alloy was done us-
ing an EXCETEK-EX 40-wire electrical discharge ma-
chine, as shown in Fig. 1. D-type diffusion annealed
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Fig. 2. Machined samples.

wire with a diameter of 0.25mm has been used for
machining in this study. This type of wire has a
brass core surrounded by a special beta-phase coat-
ing, significantly improving mechanical and breaking
strength [25]. Deionized water was used as the dielec-
tric fluid. The dimensions of the machined samples
were 5 × 5 × 10mm3. Figure 2 shows the machined
samples.

2.4. Measurement of output responses

2.4.1. Surface roughness

Surface roughness is a crucial aspect when it comes
to the tribological function of any component. Surface
roughness also significantly affects mechanical prop-
erties like fatigue behavior, corrosion resistance, and
creep life [26]. Added to this, surface roughness also
plays a key role in defining the functionality of a prod-
uct [27]. In this study, the surface roughness of the
samples was measured using the MarSurf PS 10 appa-
ratus, as shown in Fig. 3. It is a contact-based stylus
instrument used for surface measurements. Initially,
the specimen is held in place by clamping it using a
bench vice, as shown in Fig. 4a. Next, the stylus tip
is placed perpendicular to the surface to be measured,
as shown in Fig. 4b. The surface roughness measure-
ments were carried out with an evaluation length of
4 mm and a cut-off length of 0.8mm as per standard
practice [28]. Three readings were taken for each spec-
imen, and their average was noted.

2.4.2. Kerf width

One of the critical performance measures in WEDM
is kerf. The reason for this is that the dimensional ac-
curacy of the finished component depends on this kerf
[29]. In simple terms, kerf can be defined as the width

Fig. 3. Surface roughness measurement apparatus.

Fig. 4. (a) Clamping of the specimen and (b) position of
the stylus tip.

of the cut for which the cut has been taken. Added to
this, the kerf width is generally greater than the di-
ameter of the wire electrode used for machining [30].
The kerf width was observed using a Celestron Cap-
ture Pro Stereo microscope, as shown in Fig. 5. It is
equipped with a 5 MP camera to capture and save
high-resolution images. Once the required image was
captured, the kerf width was measured with the help of
an image analysis software known as Dewinter Mate-
rial Plus (Version 4.5). Three readings along the kerf
channel were noted for each specimen at the top and
bottom, respectively, and their average was recorded.

2.5. Taguchi method

Genichi Taguchi proposed the Taguchi method,
which effectively studies an entire parameter space
with fewer experiments. This method utilizes Signal-
-to-Noise ratios (S/N ratios) as a performance mea-
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Ta b l e 3. Taguchi’s L16 design of experiments and output responses

Input parameters Output responses

Exp. Pulse on time Pulse off time Wire Feed Wire Tension Kerf width Average surface roughness
No. Ton (µs) Toff (µs) WF (m min−1) WT (grams) (mm) Ra (µm)

1 3 8 2 400 0.314 1.681
2 3 10 4 600 0.311 1.53
3 3 12 6 800 0.318 1.692
4 3 14 8 1000 0.316 1.929
5 5 8 4 800 0.325 1.948
6 5 10 2 1000 0.327 1.954
7 5 12 8 400 0.323 1.98
8 5 14 6 600 0.332 1.965
9 7 8 6 1000 0.332 2.158
10 7 10 8 800 0.335 2.288
11 7 12 2 600 0.335 2.306
12 7 14 4 400 0.333 2.261
13 9 8 8 600 0.342 2.649
14 9 10 6 400 0.331 2.522
15 9 12 4 1000 0.329 2.505
16 9 14 2 800 0.344 2.391

Fig. 5. Kerf width measurement setup.

sure [31]. In general, the purpose of the S/N ratio is
to study the impact of noise factors on the desired
output andminimize that effect [32].
In the Taguchi method, the term “signal” denotes

the desirable nature (mean) of the output characteris-
tic, and the term “noise” denotes the undesirable im-
pact (or signal interference) of the output. This S/N
ratio can help measure the sensitivity of the output
response being monitored [33]. The quality character-
istic can be categorized into three types: larger-the-
better, smaller-the-better, and nominal-the-best [34].
The amount of material wastage occurring dur-

ing machining in WEDM can be obtained from kerf
[29]. Generally, higher kerf leads to higher mate-
rial wastage. Keeping this inmind, we must try to

achieveminimal kerf during machining. Moreover, a
smooth surface (lower surface roughness) is only pre-
ferred for most of the precision products that are man-
ufactured [27]. Hence, in our study, we will choose
“smaller-the-better” criteria for both kerf width and
surface roughness [33]. The S/Nratios were calculated
using Minitab 18 software.

3. Results and discussion

3.1. Influence of WEDM process parameters
on the output responses

In this study, Taguchi’s L16 orthogonal array was
used to design the experiments using Minitab 18 soft-
ware. The influence of process parameters was studied
by utilizing the main effect plots generated using the
S/Nratio. The measured output responses and the de-
sign of the experimentation are shown in Table 3.

3.1.1. Kerf width

Generally, WEDM is utilized to machine compo-
nents with tight tolerances. The accuracy and preci-
sion of such components can be maintained by achiev-
ing smaller kerf widths during machining [35]. Kerf
width also influences the internal corner radius gen-
erated by using WEDM [36]. Figure 6 shows the kerf
width values for the sixteen experiments that were
conducted.
Figure 6 shows that the minimal kerf width of

0.311mm was obtained from experiment number 2
(Ton = 3 µs, Toff = 10 µs, WF = 4 mmin−1, and
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Fig. 6. Kerf width output.

Ta b l e 4. Response table of S/N ratio for kerf width (smaller-is-better)

LEVEL Ton (µs) Toff (µs) WF (m min−1) WT (grams)

1 10.041 9.680 9.635 9.578
2 9.716 9.739 9.779 9.635
3 9.532 9.731 9.677 9.620
4 9.462 9.601 9.660 9.737

DELTA 0.579 0.138 0.144 0.138
RANK 1 3 2 4

WT= 600 grams). On the contrary, the maximum kerf
width of 0.344mm was observed in experiment num-
ber 16 (Ton = 9 µs, Toff = 14 µs, WF = 2mmin−1,
and WT = 800 grams).
Based on the S/N ratio, the influence of WEDM

process parameters on kerf width is shown in Table 4.
Kerf width is heavily influenced by Ton. The second
most influential parameter was Wire feed (WF). Com-
paratively, Toff and WT seemed to have a less signif-
icant effect on kerf width. The main effects plot for
kerf width is shown in Fig. 7.
From Fig. 7, we can observe that as Pulse on

time increases, kerf width also increases simultane-
ously. This increase in kerf width is associated with
the high discharge energy produced by increased Pulse
on time [35]. Conversely, kerf width decreased with an
increase in Pulse-off time up to a certain point. Gener-
ally, lower pulse intensity and pulse frequency at high
pulse-off intervals lead to reduced kerf width [37].
Initially, there was a decrease in kerf width from

the wire feed of 2 to 4 mmin−1. After 4 mmin−1, when
the wire feed is increased, there is a gradual increase
in kerf width. The increased flushing and decrease in
wire vibration amplitude at the beginning could be the
reason for this reduced kerf width. However, once the

Fig. 7. Main effects plot of S/Nratios for kerf width.
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Fig. 8. Average surface roughness (Ra) output.

Ta b l e 5. Response table of S/N ratio for surface roughness (smaller-is-better)

LEVEL Ton (µs) Toff (µs) WF (m min−1) WT (grams)

1 –4.660 –6.756 –6.700 –6.558
2 –5.813 –6.297 –6.391 –6.276
3 –7.053 –6.219 –6.273 –6.541
4 –8.011 –6.265 –6.173 –6.163

DELTA 3.351 0.537 0.527 0.395
RANK 1 2 3 4

wire feed reaches very high speeds, the destabilization
of the wire causes an increase in kerf width [38].
The kerf width gradually increased in the lower

wire tension range up to 800 grams. Once the wire
tension was increased beyond this point, there was a
reduction in kerf width. The wire remains stretchy,
and its active length is longer at lower wire tensions
(less than 800 grams in this study). This, in turn, in-
creases generated heat, which leads to higher material
removal and increased kerf width [39]. However, once
the wire tension was increased further (greater than
800 grams in this study), it led to better wire straight-
ness and decreased wire amplitude, contributing to the
kerf width reduction [40].

3.1.2. Surface roughness

Evaluation of surface roughness is a critical aspect
that holds the solution for many basic problems like
positional accuracy, contact deformation, and friction.
Surface finish is even considered a fingerprint for a
machining process in the manufacturing sector [41].
Figure 8 shows the average surface roughness values
(Ra) for the sixteen experiments that were conducted.

Figure 8 shows that the minimal average surface
roughness of 1.530µm was obtained from experiment
number 2 (Ton = 3 µs, Toff = 10 µs, WF = 4 mmin−1,
and WT = 600 grams). The maximum average surface
roughness of 2.649µm was observed in experiment
number 13 (Ton = 9 µs, Toff = 8 µs, WF = 8mmin−1,
and WT = 600 grams).
Based on the S/N ratio, the influence of WEDM

process parameters on surface roughness is shown in
Table 5. The surface roughness of Ti-3Al-2.5V alloy is
profoundly influenced by Ton. The second most influ-
ential parameter was found to be Toff . Comparatively,
WF and WT seemed to have a lesser significant effect
on surface roughness. The main effects plot for surface
roughness is shown in Fig. 9.
From Fig. 9, it is evident that surface roughness

increases with an increase in Pulse on time. The rea-
son is that a shorter pulse on duration (3 and 5 µs
in this study) will generate lesser discharge energy
than a longer pulse on duration (7 and 9 µs in this
study). Due to this lower discharge energy, shallow
craters only form, which leads to smoother machined
surfaces [39].
Regarding Toff , we can observe a declining trend
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Ta b l e 6. ANOVA results for kerf width

Source DoE Adj. SS Adj. MS F -value P -value Contribution (%)

Pulse on time 3 0.010653 0.003551 47.46 0.005 82.39
Pulse off time 3 0.000641 0.000214 2.85 0.206 4.96
Wire feed 3 0.000633 0.000211 2.82 0.209 4.90
Wire tension 3 0.000778 0.000259 3.47 0.167 6.02
Error 3 0.000224 0.000075 – – 1.74
Total 15 – – – – 100

R-sq. = 98.26 % R-sq. (adj.) = 91.32 %

Ta b l e 7. ANOVA results for surface roughness

Source DoE Adj. SS Adj. MS F -value P -value Contribution (%)

Pulse on time 3 26.0970 8.6990 26.01 0.012 91.72
Pulse off time 3 0.5428 0.1809 0.54 0.687 1.91
Wire feed 3 0.4636 0.1545 0.46 0.729 1.63
Wire tension 3 0.3449 0.1150 0.34 0.798 1.21
Error 3 1.0034 0.3345 – – 3.53
Total 15 – – – – 100

R-sq. = 96.47 % R-sq. (adj.) = 82.37 %

Fig. 9. Main effects plot of S/Nratios for average surface
roughness (Ra).

in surface roughness with an increase in Toff . Very few
discharges occur when the Toff duration is longer. This
leads to a better surface finish due to the shallow na-
ture of the craters produced during machining [42].
The surface roughness was found to decrease grad-

ually at higher wire feed rates. Similar results were
observed by Rusdi Nur et al. [27].
When the wire tension was increased (above

800 grams in this study), surface roughness was con-
siderably reduced. This could be because vibrations
in the wire decrease with an increase in wire tension,
which leads to smaller and shallower craters [43].

3.2. Analysis of Variance (ANOVA) for kerf
width and surface roughness

The contribution or significance of eachWEDM in-
put process parameter to the output responses was de-
termined in terms of percentage by utilizing ANOVA
[44]. This contribution is represented by the F -value
[45]. A 95% confidence interval level was chosen to
carry out this ANOVA analysis. To validate the sig-
nificance or importance of an input process parameter
in this 95% confidence interval, the P -value must be
less than 0.05 [44].
The ANOVA results for kerf width and surface

roughness are shown in Table 6 and Table 7, respec-
tively. These results revealed that Pulse on time had
the lowest P -value and highest F -value in both cases,
which shows that it is the most influential parame-
ter affecting kerf width and surface roughness. The
contribution of error was also minimal for kerf width
and surface roughness, at 1.74 and 3.53%, respecti-
vely. This shows that current data could be employed
to estimate results in the future with a negligible de-
gree of errors [44].
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Fig. 10. (a) Microstructure of sample No. 13 (Ton = 9 µs,
Toff = 8 µs, WF = 8 m min−1, WT = 600 grams) and (b)
microstructure of sample No. 2 (Ton = 3 µs, Toff = 10 µs,

WF = 4 m min−1, WT = 600 grams).

3.3. Surface analysis

The machined specimens with the highest and low-
est surface roughness (Experiment number 13 and Ex-
periment number 2, respectively) were examined using
a Scanning Electron Microscope (SEM) to better un-
derstand their surface characteristics. The respective
wire electrodes used for machining these specimens
were also analyzed.

3.3.1. Machined specimens

Generally, the machined surfaces produced by
WEDM are characterized by features like voids,
craters, melted debris, cavities, and cracks [46], as
shown in Figs. 10a, b.
Figure 10a shows that Sample number 13 has a

rougher surface consisting of many surface defects
compared to Sample number 2 in Fig. 10b, which
seems to have a more uniform surface with negligible

Fig. 11. (a) Microstructure of wire electrode used to ma-
chine sample No. 13 (Ton = 9 µs, Toff = 8 µs, WF =
8 m min−1, WT = 600 grams) and (b) microstructure of
wire electrode used to machine sample No. 2 (Ton = 3 µs,

Toff = 10 µs, WF = 4 m min−1, WT = 600 grams).

surface defects. This could be because the reduction
of pulse on time (the most influential parameter for
surface roughness in this study) leads to reduced heat
generation. This, in turn, produces less debris, which
can be easily flushed away from the machining zone.
Hence, the machined surface is finer and more uniform
[46].

3.3.2. Wire electrodes

Figures 11a,b show the SEM images of the cor-
responding wire electrodes used to machine Sample
number 13 and Sample number 2.
From Figs. 11a,b, we can observe that the wire

electrode subjected to moderate parametric settings
(especially Ton) has a less worn-out area. The reason is
that crater generation on the wire occurs at high volt-
age and current. The size of this crater is influenced
by factors like Pulse on time and wire speed. Large-
-size craters on the wire surface (as shown in Fig. 11a)
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lead to wire rupture and contribute to poor surface fin-
ish (Sample No. 13 has a Ra value of 2.649µm in this
study) and poor machining accuracy [47].

4. Conclusions

Once the effect of WEDM process parameters on
kerf width and surface roughness of Ti-3Al-2.5V al-
loy was studied and the corresponding microstruc-
ture analysis was carried out, the following conclusions
were drawn:
1. The results indicate that Sample number 2 had

the least kerf width of 0.311mm, obtained with Ton =
3 µs, Toff = 10 µs, WF = 4 mmin−1, and WT =
600 grams.
2. On the contrary, the maximum kerf width of

0.344mm was observed in Sample number 16 while
using the parametric combination of Ton = 9 µs, Toff =
14 µs, WF = 8 mmin−1, and WT = 800 grams.
3. An increase in kerf width was found to be as-

sociated with the high discharge energy produced by
increased pulse on time. Conversely, lower pulse inten-
sity and frequency at high pulse-off intervals lead to
reduced kerf width.
4. Reduced kerf width was also observed for in-

creased flushing and a decrease in wire vibration am-
plitude at the beginning of machining. However, once
the wire feed reached very high speeds, the destabi-
lization of the wire caused an increase in kerf width.
5. Improvement in wire tension led to better wire

straightness and decreased wire amplitude, contribut-
ing to the reduction in kerf width.
6. Sample number 2 exhibited the lowest surface

roughness of 1.530 µm, achieved with Ton = 3 µs,
Toff = 10 µs, WF = 4mmin−1, and WT = 600 grams.
7. The highest surface roughness of 2.649µm was

detected in Sample number 13, which was subjected to
Ton = 9 µs, Toff = 8 µs, WF = 8mmin−1, and WT =
600 grams.
8. An increase in Pulse on time led to increased sur-

face roughness due to the formation of deeper craters
and other surface defects, which was also confirmed in
SEM inspection of the machined surfaces.
9. Conversely, very few discharges were observed

when the Toff duration was longer. This led to a bet-
ter surface finish due to the shallow craters produced
during machining, which was also confirmed by SEM
inspection. Improvement in wire tension also led to
reduced surface roughness.
10. The Signal-to-Noise ratio analysis (with ‘smal-

ler-the-better’ criteria) revealed that Ton was the most
influential process parameter that greatly impacted
both kerf width and surface roughness, respectively.
ANOVA also showed that Ton was the highest con-
tributing factor affecting kerf width and surface rough-
ness.

11. Surface analysis of machined specimens con-
firmed that Sample number 13 (Ra = 2.649 µm) had
higher surface defects and an uneven surface than
Sample number 2 (Ra = 1.530µm), which exhibited
fewer defects and a finer surface.
12. Surface analysis of the corresponding wire elec-

trodes revealed that less worn-out occurred during
machining Sample number 2 compared to Sample
number 13.
13. Large craters formed due to a higher pulse-

on duration were observed on the surface of the wire
electrode used to machine Sample number 13. These
large craters could be one reason for the poor surface
finish in Sample number 13.
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