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Abstract

WEDM is used chiefly for machining Titanium and its alloys with good dimensional accuracy and surface finish. The
research work has been done with the BBD of the RSM technique, and further multi-response optimization was done
through the desirability function. The results of the research work shows that the effect of input variables pulse on-
time (POT), pulse off-time (POFT,) spark gap voltage (SGV), and concave profile radius (CPR) on the output variables
surface roughness (SR), and geometric error (GE) have been investigated. It observed that POT is the primary
significant factor affecting the SR, and GE. With increases in CPR, Geometric error also increases. CPR is the most
critical factor for the geometric error, with an 82.83% contribution. Experiment results also shows that POT and POFT
significantly affected the surface integrity with the formation of pockmarks, overlapping craters, micro-cracks, and
recast layer.
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1. Introduction

With the increasing the number of research on titanium and its alloys, the applications of these alloys are increasing
day by day in the area of aerospace, naval and automotive industries, also in various industrial areas like shipbuilding,
and biomedical sectors due to its unique capability of anticorrosive, highly in strength /weight ratio. Titanium is a
silvery gray metal, ductile with 22 elements in the model periodic table with an atomic weight of 47.9 and density of
4.67g/cm3. Along with the heat resistance, it possesses high strength too, which makes it difficult to machine material,
which became difficult to process by conventional machining processes. Machining titanium offers many challenges
to engineers in how easily and economically titanium is machined. Due to the unique properties of titanium, it has
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become the most demanding material in aerospace and non-acrospace industries. The most demanding titanium
material properties are high strength/weight ratio, anti-corrosivity, and strong fatigue properties that make it difficult
to machine material (Kumar et. al 2012, Nayak and Mahapatra 2014, Maity 2020).

Titanium and its alloy have low young's modulus, which creates chatter and spring back during machining [Wasim et
al. (2020)]. Titanium has high work hardening, and stickiness of the alloy resulting in the long continuous chip during
drilling and turning that impedes and entangles the tool life (Joy et al. 2020, Sahoo et al. 2019). To overcome the
problem of titanium machining, engineers use advanced machining processes rather than traditional machining
processes. WEDM is mainly used for machining titanium and its alloys with good dimensional accuracy and surface
finish. Many industries need to have machined their complex-shaped product with great accuracy and surface finish.
WEDM provides the most viable solution for the above issues. Researchers have explored different methodologies to
obtain the best results in optimizing the process parameters of WEDM while doing Taper cutting. A literature survey
is shown as in Table 1.

Table 1. Literature Review on Taper cutting process on WEDM

Author vxlrrlf ?:cde v Pf‘ocess parameter Methodology Findin
Name P ariable Response used g
material parameter parameter
1 0,
Thlckness, angle, FEM model, trial 75% of results show
AISI D2 tool open circuit that the angular
Plaza et al. . Angular and error L
(2009) steel with voltage, pulse off error experiment deviation is below
brass wire time, discharge p 3'45" from the two
energy models.
Zinc-coated brass
Wire tension, wire gives good
Inc.onell 718 pulse-on-time, Surface surface roughness
Kumar et al. with zinc- . L16 orthogonal
flushing pressure, | roughness, and less corner error.
(2018) coated and . array
uncoated wire and discharge corner error It was reduced by
’ current 21.89%
Austenitic p Etl;t ‘;I;lacrl:nleess, Support vector SVR effect the
Nayak and | stainless steel _‘ap gc, regression (SVR) process parameter
. discharge current, Angular . .
Mabhapatra 304L with ulse duration error model, Taguchi mostly with giving
(2018) Bronco cut P . ’ L27 orthogonal best solution of
. wire tension, and N
wire . array optimization.
wire speed

From the literature review, it is clear that WEDM is the best alternative for producing small and micro-scale parts with
high dimensional accuracy and a good surface finish. Much research has been conducted on optimizing process
parameters (like POT, POFT, SGV, PC, WT, WP, etc.) considering output parameters, viz.: cutting speed, surface
roughness, material removal rate, kerf width, etc. But limited research has been published considering input parameters
in combination with concave profile radius (CPR) and output parameters with geometrical error while machining pure
titanium-based implant material. Taper cutting was also the least identified area of researchers working on processing
pure-Ti. Therefore, the pure-Ti is processed on WEDM at different POT, POFT, SGV, and CPR settings in the present
research work. The response variables in the current work SR, and geometrical error are investigated. The
morphological investigations of the machined surface were made with the help of SEM. The elemental analysis was
accomplished with the help of EDX spectroscopy and XRD.

2. Material and Methods

The experiments were performed on a CNC WEDM machine manufactured by Electronica Machine Tools Limited,
India, as depicted in Figure 1. Travelling brass wire of diameter 0.25mm is used as an electrode. Deionized water is
used as a dielectric fluid to flush away the debris. Pure-Ti material was selected for the experimentations due to its
applications in bio-implant, aerospace, and marine industries. Pure-Ti contains Carbon (C) 0.10, Nitrogen (N,) 0.03,
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oxygen (O2) 0.25, Iron (Fe) 0.30 %, and the rest is Titanium 99.03 % by weight. The work profile after pure-Ti
machining on WEDM is depicted in Figure 2, where the concave radius is also presented.

Figure 2. Complete profile job (a-d) after WEDM.
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3. Selection of WEDM Process Parameters

The selection of parameters is one of the most essential steps in the experimentation and optimization of the WEDM
process. All the machining parameters for this experiment have been selected based on a pilot study. POT, POFT,
SGV, CPR were taken as the process parameters. The constant process parameters in the present work are WF, WT,
PC and WP with values as 3 mm/min, 8N, 12A, and 7 kg/cm?, respectively. The experimental array was designed
according to the BBD based on the range of selected input parameters. The range of the process parameters were
shown in Table 2. The Surface roughness was measured using Mitutoyo make surface roughness tester (SJ-301P) with
least count 0.001pum as depicted in Figure 3a, Figure 3b. The Radius of the concave profile was measured on CNC
profilometer (Mitutoyo make) as shown in Figure 3c.

Table 2. Range of Input parameters

Factor Name Units Minimum Maximum
A POT us 107 130
B POFT us 40 60
C SGV \% 35 55
D CPR (CPR) mm 2.5 4.5

Figure 3. Measurement of responses

4. Results and Discussion

The effect of input parameters like POT, POFT, SGV, and concave radius on the responses like GE, SR, and CS are
analyzed using the RSM technique, and further ANOV A was used to analyze the quadratic model for various response
variables (Table 3).

Table 3. Design array and measured experiment result

POT POFT SGV CPR SR GE
Run

us us \ mm um mm

1 123 50 45 4 249 4.39
2 123 50 45 3 2.39 3.05
3 123 60 45 4 1.58 4.12
4 123 40 45 4 2.16 4.45
5 115 45 40 3 2.18 3.95
6 130 45 50 4 244 4.72
7 123 50 35 4 245 4.45
8 130 45 40 3 2.75 3.85
9 130 45 40 4 245 4.85
10 115 55 40 4 1.79 4.55
11 123 50 45 4 2.51 4.42
12 123 50 45 4 2.39 4.44
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13 123 50 45 4 242 4.49
14 130 55 50 4 231 4.65
15 130 45 50 3 2.61 3.55
16 123 50 45 4 2.36 4.25
17 115 45 40 4 1.95 4.65
18 115 55 40 3 1.86 3.55
19 123 50 45 5 2.46 5.06
20 115 55 50 3 1.55 3.35
21 108 50 45 4 1.35 4.02
22 130 55 50 3 2.34 3.61
23 115 45 50 4 1.65 441
24 130 55 40 3 2.33 3.85
25 123 50 45 4 2.34 4.45
26 123 50 55 4 2.09 4.15
27 115 45 50 3 1.75 3.55
28 115 55 50 4 1.61 4.35
29 130 50 45 4 2.51 4.55
30 130 55 40 4 2.34 4.85

4.1 ANOVA for SR, and GE

The ANOVA for SR and GE with the quadratic models (Eq. 1-2) is shown in Table 4. The P-value and model F-value
is <0.0001 and 112.67, respectively, indicating that model is significant. ANOVA for SR shows the F-value is equal
to 85.15, which indicates that model is significant for SR with all the main effect of POT, POFT, SGV, CPR, POT?,
POFT?, SGV?, POT and SGV, POFT and CPR. For the GE, the fit summary recommends the quadratic model where
the additional terms are remarkable, and the model is not aliased. The ANOVA for GE shows the main effect of POT,
POFT, SGV, CPR, the quadratic effect of POT, POFT, SGV, and CPR, and the interaction effect of the POT and
POFT, and POT and CPR have a significant influence on GE. The Model F-value is 95.12, and the P-value is less than
0.050, which implies that the model is significant. Eq. 1 to Eq. 2 shows the empirical models for CS, SR and GE.

SR = (—34.8985) + (0.4661 X POT) + (0.45381 X POFT) — (0.102113 x SGV) — (1.02 x CPR) +
(0.00175 x POT x SGV) + (0.01925 x POFT x CPR) — (0.00205201 X POT?) — (0.00544273 X POFT?) —
(0.00144273 x SGV?) Eq-1

GE = (—17.3951) + (0.204463 X POT) + (0.0129879 X POFT) + (0.12581 X SGV) + (2.51162 x CPR) +
(0.00125 x POT X POFT) + (0.0108333 x POT x CPR) — (0.0011918 x POT?) — (0.0017803 x POFT?) —
(0.0016303 x SGV2) — (0.40803 X CPR?) Eq-2

Table 4. ANOVA of SR and GE

ANOVA for SR

Source SS df | MS | F-value | P-value PC
Model 3.86 9 | 04291 | 85.15 | <0.0001 | Significant
A-POT 1.88 1 1.88 372.68 | <0.0001 47.83
B-POFT | 0.3290 | 1 | 0.3290 | 65.29 | <0.0001 8.30
C-SGV | 0.1855 | 1 | 0.1855 | 36.81 | <0.0001 4.72
D-CPR | 0.0198 | 1 | 0.0198 3.94 0.0611 0.50

AC 0.0689 | 1 | 0.0689 | 13.67 0.0014

BD 0.0371 | 1 | 0.0371 7.35 0.0134
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A? 02183 | 1 | 0.2183 | 43.31 | <0.0001
B? 0.5255 | 1 | 0.5255 | 104.28 | <0.0001
C 0.0369 | 1 | 0.0369 7.33 0.0136

ANOVA for GE
Source SS df | MS | F-value | P-value PC
Model 6.85 | 10 | 0.6849 | 95.12 | <0.0001 | significant
A-POT | 0.1753 | 1 | 0.1753 | 24.35 | <0.0001 2.50
B-POFT | 0.0852 | 1 | 0.0852 | 11.83 0.0027 1.21
C-SGV | 02625 | 1 | 0.2625 | 36.46 | <0.0001 3.75
D-CPR | 5.79 1 5.79 | 804.37 | <0.0001 82.83

AB 0.0352 | 1 | 0.0352 | 4.88 0.0396
AD 0.0264 | 1 | 0.0264 | 3.67 0.0067
A? 0.0735 | 1 | 0.0735 | 10.21 0.0048
B2 0.0553 | 1 | 0.0553 7.68 0.0122
C? 0.0464 | 1 | 0.0464 | 6.44 0.0201
D? 0.2905 | 1 | 0.2905 | 40.35 | <0.0001

4.2 Interaction effect on SR and GE

From the analysis results provided that POT was the outstanding factor that affecting the SR. Also, POFT and SGV
show some significant effects on the SR. With increases in POT the SR also increases, whereas with increases POFT
and SGV the SR decreases. The interaction plot of combined factor of SR was shown in Figure 4. It was noted that
the combined effect of POT and SGV will increase the SR of 22.01%, while with the combine effect of POFT and
CPR there was decrease in SR with 10.57%. The combined effect for GE is as shown in Figure 5. With the combined
effect of POT and POFT increases from 4.31mm?/min to 4.39mm?/min there was decrease in GE with their 1.86%
contribution. An increase in geometric error with 31% contribution of combine interaction of POT and CPR (increase
from 3.71mm?*/min to 4.80mm?>/min).

SR{um)

SR(pm)

B: POFT (s)

D: Concave Profile Radius (mm)

Figure 4. Interactions plot for SR
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4.3. Numerical Analysis

This research aims to obtain a minimum SR of 1.35um, and a reduction in GE. Equal weights are assigned to SR, and
GE that have been used to produce the optimum results. For obtaining attractive optimal solutions, a desirability
function was used. After using the desirability function, some optimal solutions were found, and out of those 5 best
solutions are shown in Table 5. The maximum desirability obtained after analysis is 0.827, which is close to 1.

4.4 Validation of the Developing Model

There is 5 confirmation experiments have been carried out to validate the experimental model. A validation test has
been carried out to check whether the desirable optimal solutions, which are obtained, are responsible for optimization.
Validation is also used for calculating the error between the actual and predicted experiment values. Table 6 shows
the prediction performance of the RSM model. The given formula calculates the prediction error percentages, as shown
in Eq 3.

Prediction error (%) = [Experimental results - Predicted results] x 100 Eq-3

<
< :‘\g‘
S
o>

GE (mm)
GE (mm)

I g

//IIIIII’I" %

B: POFT (5) A: POT (us) D: CPR(mm)

Figure 5. Interactions plot for GE

Table 5. Optimal solution after desirability function

Number | POT | POFT | SGV | CPR | CS SR GE | Desirability
1 115 55 50 0.575 | 1.516 | 3.407 0.827

2 115 55 49 0.575 | 1.518 | 3.408 0.827

3 115 54 50 0.576 | 1.518 | 3.418 0.826

4 115 54 49 0.574 | 1.523 | 3.410 0.825

5 115 55 49 0.587 | 1.552 | 3.422 0.824

W W W| W| W

Table 6. Validation development model

Exp. No. Experimental results | RSM prediction model | Prediction error %
CS SR GE CS SR GE CS | SR | GE
1 0.58 | 1.55 | 3.42 | 0.575 | 1.516 | 3.407 | 0.5 34 1.3
2 0.58 | 1.55 | 3.42 | 0.575 | 1.518 | 3.408 | 0.5 32 1.3
3 059 | 1.56 | 344 | 0.576 | 1.518 | 3.418 | 14 | 42 2.2
4 0.60 | 1.54 | 343 | 0.574 | 1.523 | 3.410 | 2.6 1.7 2
5 061 | 1.60 | 3.44 | 0.587 | 1.552 | 3.422 | 23 4.8 1.8
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5. Microstructural Analysis

In this research work, SEM was done on a curve surface, flat surface, brass wire electrode, and recast layer to find the
effect of various process parameters on the workpiece sample. Figure 6 (a-b) shows the SEM images of the curve
surface of the sample at different process parameter settings. From the SEM analysis, it was observed that larger
amounts of voids, cracks and globules of debris can appear on the images. During every electrical discharge, high
cycle temperature melts and vaporizes the materials.

Figure 6. SEM picture of curve surface of Pure Titanium at a) Run No 1, (at POT 123pus, POFT 50us, SGV 45V,
CPR 4mm), b) Run no.5, (at POT 115us, POFT 45us, SGV 40V, and CPR 3mm)

Figure 7. SEM picture of Flat surface of Pure Titanium after WEDM Process at a) Run No 1, (at POT 123ps, POFT
50ps, SGV 45V, CPR 4mm), b) Run no.5, (at POT 115us, POFT 45us, SGV 40V, and CPR 3mm)
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Figure 8. SEM picture of Recast layer of Pure Titanium after machining at a) Run No 1, (at POT 123ps, POFT 50us,

SGV 45V, CPR 4mm), b) Run no.5, (at POT 115us, POFT 45us, SGV 40V, and CPR 3mm)
Craters and overlapping cracks are high at high discharge energy level. The melting material was then connected with
the dielectric fluid, reducing the temperature of the material and causing a quenching effect on the melting surface
(Singh et al. 2019, Garg et al. 2012). As a result of this quenching, voids, cracks, and globules are found on the
machined surface. It was observed that some amount of the discharge energy always presents in every discharge cycle,
so the complete reduction of the voids and craters was impossible. The same effect of the SEM was also examined on
the material sample's flat surface as in Figure 7. The SEM image (Figure 8) of the machined surface (Figure 8(a)) has
small cracks due to an intermediate amount of discharge energy. In Figure 8 (b), the discharge energy is smaller (POT
115us, POFT 45us, SGV 40V, and CPR 3mm); thus, craters and pockmarks are observed.

6. Conclusions
The present research applied the RSM approach to the WEDM process to find the best solution for SR, and GE of
pure titanium. From the study, the important conclusions are as follows:
e SRisvaried from 1.35um to 2.61um. POT was the most influential factor, whose contribution for evaluation
of SR is 47.83% followed by POT and SGV with 8.30% and 4.72% respectively.
e For GE the CPR shows the most important factor with 82.83% contribution. However, the SGV shows the
significant (3.75%) effect on the GE.
e ANOVA shows that POT is main remarkable factor for SR and GE. CPR plays the pivotal role followed by
POT.
e Cracks, voids, and globules of debris were found in SEM analysis. These irregularities on the machined
surface, was observed at high discharge energy parameters.
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