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Abstract: Additive manufacturing technology provides a gateway to completely new horizons for
producing a wide range of components, such as manufacturing, medicine, aerospace, automotive,
and space explorations, especially in non-conventional manufacturing processes. The present study
analyzes the influence of the additive manufactured tool in electrochemical micromachining
(ECMM) on machining beta titanium alloy. The influence of different machining parameters, such
as applied voltage, electrolytic concentration, and duty ratio on material removal rate (MRR), over-
cut, and circularity was also analyzed. It was inferred that the additive manufactured tool can pro-
duce better circularity and overcut than a bare tool due to its higher corrosion resistance and local-
ization effect. The additive manufactured tool can remove more material owing to its strong atomic
bond of metals and higher electrical conductivity.

Keywords: ECMM,; beta titanium alloy; electrolyte; stainless steel; additive tool

1. Introduction

The conventional manufacturing technique has limitations for producing complex
shapes, micro-holes, micro slots, as well as more tool wear and limited dimensional accu-
racy and precision [1,2]. Nontraditional manufacturing processes are used to overcome
those problems [3,4]. The complex geometry ability of additive manufacturing offers an
opportunity to produce complex geometrical tools for non-conventional manufacturing
processes, especially electrochemical machining (ECM) processes. It is important to study
the influence of the additive manufacturing (AM) tool in electrochemical micro-machin-
ing (ECMM) with related to titanium alloy. Such analysis has the potential to revolution-
ize the manufacturing processes of tools for non-conventional manufacturing applica-
tions. The various other non-conventional manufacturing techniques have a heat affected
zone on the work piece. However ECM process does not produce any such heat affected
zone (HAZ). It makes ECMM a great manufacturing process compared to other uncon-
ventional techniques. In this process, the workpiece acts as an anode to achieve the con-
trolled removal of metal by anodic dissolution. The tool electrode acts as cathode while
electrolyte flows through the inter-electrode gap. The shape of the tool is generally a rep-
lica of the shape to be machined on the workpiece [5]. Electrochemical machining is based
on Faraday’s laws of electrolysis and Ohm’s law [6]. Two electrodes are arranged in an
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electrolytic solution. When DC power is supplied across these electrodes, the metal is
eroded from the anode and deposited on the cathode. ECMM process is the replica of
electrochemical plating technique. In the ECMM process, the material is removed at an
atomic level through anodic dissolution, when high current is conducted at a relatively
low potential difference through a specially shaped tool. As the ECMM process provides
high surface finish, high accurate and stress-free products, it is widely used in manufac-
turing of turbine blades, high compression engines, artillery projectiles and parts for elec-
tronics and medical industries [7]. ECMM is performed for very small size products with
a better controlled ECM process. It is used to produce micro-holes and micro-slots in the
material with very high precision and quality [8]. Theoretically, in the micro machining
process, the micro-holes generated within the dimension of 1um to 999um [9,10]. The
ECMM has been referred for many of the micromachining because it removes the materi-
als (conductive materials) regardless of their hardness and toughness [11]. Additive man-
ufacturing (AM) is the process of generating a product layer by layer from a 3D model. It
enables manufacturing of complex geometry with fewer processing step and minimum
waste; it reduces time and cost for manufacturing products. It is now applied in the aero-
space, medical implant, and electronics fields. Many research works have been done on
the ECM process based on its process parameters, such as electrolytes, tool shape, materi-
als, and workpiece. Some other studies on coated tools have also been performed with
various tool electrodes [12]. This study is about machining of beta titanium alloy as a
workpiece of ECMM process and the influence of additively manufactured tool over the
process, which are yet to be studied. The machining performance on titanium alloy spec-
imens using the ECM process was improved using an optimal combination of electrolytes
and their concentration during the drilling process [13]. The nickel-based alloys can be
precisely machined using ECM process by choosing optimal process parameters combi-
nation [14]. The influence of the tool coating was also analyzed on machining titanium
alloy [15]. The surface morphology of the machined specimens should be improved as
much as possible [16,17].

From the referenced literature, it has been understood that very little attention has
been given to the analysis of the influence of the additively manufactured tool electrode
on quality measures using the ECMM process. The objective of the study is to study the
influence of process parameters and additively manufactured copper tool electrode on
material removal rate (MRR), overcut (OC), and circularity (CY) while machining Tita-
nium (Ti-6Al-4V) alloy in ECMM process. The micro structural analysis was also carried
out to understand the variation of grains around the machined area of each specimen.

2. Materials and Methods
2.1. Electro. Chemical Micro Machining Arrangement

The ECMM setup has a machining unit, micro electrode feeding system (lead screw
mechanism), electrolytic tank, and DC power supply system, as shown in Figure 1. The
electrolyte bath is connected to a pump and a filter. The mechanical machining unit con-
sists of a work holding device, micro-tool feeding system and machining chamber. The
micro-tool feed movement has been achieved through the lead screw mechanism. The
lead screw of the tool movement has been rotated with the help of a stepper motor,
whereas the tool movement can be controlled manually. A DC power supply of 0 V-30 V
and 0 A-2 A is inbuilt with the ability to control the voltage, current, and duty cycle. The
experimental factors have been selected based on the influence of the process parameters,
which affect the machining rate and shape accuracy of the material. The ECMM setup
consists of a power input, control unit to set the process parameters, electrolyte supply
system and a machining chamber which contains tool and the workpiece along with the
electrolyte [18]. Titanium (Ti-6Al-4V) alloy with the size of (50 mm x 50 mm x 3 mm) was
chosen as a workpiece, due to its importance in manufacturing industries.
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Figure 1. Experimental setup of ECMM with machined specimens and tool electrodes. (a) Schematic ECM, (b) ECM ma-
chine, (c) Tool electrodes, (d) Machined specimens.

2.2. Selection of Process Variables

This research work is focused on finding the machining performance of additively
manufactured tool while machining beta titanium alloy by ECMM through calculating
the selected output parameters, such as MRR and surface accuracy. The Stainless Steel
316L tool electrode in the shape of a sharp pencil hat is 30 mm long and 2 mm thick (0.4
mm thick from tip) has been used as a tool electrode in the ECMM process. The tool elec-
trodes were manufactured using a conventional machining process (bare tool) and addi-
tive manufacturing (AM tool) process, as shown in Figure 1. The presence of a small vol-
ume of silicon and copper in the austenitic stainless steel containing molybdenum can
improve the corrosion resistance by improving oxidation resistance. The additively man-
ufactured stainless steel has almost the same properties compared to conventional avail-
able bare stainless steel. However, the AM tool electrode has better uniformity in compo-
sition and dimensional accuracy. The tool electrode was manufactured using Direct Metal
Laser Sintering (DMLS) as the additive manufacturing technique. In this approach, the
metal powders were utilized to build a platform continuously. The powder particles were
sintered layer by layer using a laser beam. The shape of the job could be determined based
on a CAM model. Then the specimens are formed into the required shape with the wire
electrical discharge machining (WEDM) process [18]. Beta titanium alloy has been chosen
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as the work piece material of size of 40 mm x 20 mm x 1.7 mm. Table 1 shows the compo-
sition of the work piece and tool electrode. The importance of titanium material has been
increasing in the field of biomedical because it fulfills the requirements over other mate-
rials with its properties, and also the titanium has wide applications in the area of aircraft,
jet engines, racing cars, chemical, petrochemical, and marine components, and submarine
hulls [19-22]. The 1 mol/L of Sodium Nitrate and 1 mol/L of Sodium Nitrate with 0.02
mol/L of Sodium Citrate were chosen as electrolyte, as shown in Table 2 [23-25]. In the
present study, applied DC voltage, electrolytic concentration and duty cycle were selected
as process parameters. The voltage was chosen as 15 V and 17 V with the Duty cycle of
50% and 66%. The manual Micro-tool feed rate of 1.6pum/min was chosen for this experi-
ment [20,23]. During the machining process, the parameters were set to require based on
a trial of an orthogonal array. The machining was done for making blind hole.

Table 1. Chemical Composition of workpiece and tool electrode.

Beta Titanium Alloy Workpiece

Elements Composition (%)
Iron (Fe) 0.23
Aluminum (Al) 3.01
Vanadium (V) 2.19
Titanium (Ti) 94.65
Stainless Steel 3161 Tool electrode
Carbon 0.03
Manganese 2.00
Phosphorus 0.045
Sulfur 0.03
Silicon 0.75
Chromium 18.00
Nickel 14.00
Molybdenum 3.00
Nitrogen 0.10
Iron 62.045

Table 2. Selection of Process parameters and its levels.

Input Parameters Level 1 Level 2
Applied voltage (V) 15 17
. . 1—NaNOs 1—NaNOs
Electrolytic concentration (mol/L) 0—Sodium Citrate 0.02—Sodium Citrate
Duty cycle (%) 50 66

2.3. Selection of Performance Measures

Material removal rate (MRR) has been obtained by taking ratio between per machin-
ing time and weight difference of workpiece before and after machining. The values of
the MRR were computed in terms of (g/h) using the following Equation (1).

Wy — W,
MRR = ———2 M
T
where, Wb = Pre-Weight of the piece (g); Wa = After-Weight of the piece (g); T = Machining
time (hours).The circularity indicates the dimensional accuracy which provides the devi-
ation from the required shape. The value should be less as much as possible and denoted
in pum. It was measured based on the following Equation (2) [17].

Circularity = Dmajor — DMINOR 2)
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where, Dmajor = Major Diameter of Micro-hole (pum), Dminor = Minor Diameter of Micro-
hole (um). The overcut indicates the deviation from the required width of the cut. The
value should be less as much as possible and denoted in um. The difference between the
cross section of electrode tip and micro-hole is known as overcut. It has been calculated
by finding the difference between the radius of the tool and micro-hole as mentioned
Equation (3). The tool giving lower value for overcut is superior.

Dy — D
Overcut = % 3)

where, Du=Mean Diameter of Micro-hole (um); Dr = Diameter of Tool electrode Tip (um).
The profile projector was used to measure the dimension of tools. The shape accuracy and
effect on the tool can be seen by optical microscope. The dimensions of the tool electrode
were measured before and after machining using a profile projector. The Minitab package
software was used for obtaining the optimal process parameters by analyzing the output
characteristics data.

3. Results and Discussion

The blind hole machining operations were performed on titanium alloys specimens,
as shown in Figure 1. All the experimental trials have been conducted with two times, and
the average values were considered as final value to increase the measurement accuracy.
The effects of AM tool and bare tool on performance measures while machining beta tita-
nium alloy specimens under various process parameters like voltage, concentration and
duty cycle using the ECMM process were compared and analyzed.

3.1. Influence of Additive Manufactured Tool Electrode on MRR

The significance of process parameters was investigated using Minitab 17 version
software package. The most influencing ECMM variables can be indicated by the devia-
tion from the mean line. It was inferred that the electrolyte concentration has the most
dominating factor than others, such as applied voltage and duty cycle. The MRR was in-
creased with a higher concentration of electrolytes due to this higher number of free ions
and increasing current flow between the electrodes, as shown in Figure 2 [20,23]. MRR is
directly proportional to voltage and duty cycle, but inversely proportional to electrolyte
concentration. The additive tool has a more dominating effect on MRR because as by
Ohm’s law, voltage and current are directly related to MRR, as shown in Figure 3. The
error bar also indicated the lower repeatability error and standard deviation. The voltage
can increase the current in the electrolytic cell of the process, which result in higher MRR
in the ECMM process [26,27]. Hence, the optimum voltage should be kept as high as pos-
sible. From the Table 3, it was inferred that additive manufactured tool could provide
better MRR than bare tool owing to the high uniformity of composition in additively man-
ufactured tool as compared to conventionally manufactured bare tool. The study was also
performed to find the optimal parameters and investigate the effects on the performance
measures. [t was found that higher voltage and duty cycle could provide higher material
removal rate with better dimensional accuracy, owing to the ability of producing better
anodic dissolution. It forms strong atomic bonds of metals, which increases electrical con-
ductivity of the material to increase MRR during the machining process in ECMM [28].
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Figure 2. Contribution of process parameter on MRR (a) bare tool (b) additive tool.

Table 3. Comparison between Bare Tool and Additive Tool for MRR.

Concentration (Mol/L)
Duty MRR (g/hrs)
N Voltage Rati
5.No. ) Sodium Sodium :10
Nitrate Citrate (%) Additive
Bare Tool
Tool

1 15 1 0 50 0.00133 0.00533
2 15 1 0.02 66 0.004 0.006
3 17 1 0 66 0.002 0.012

4 17 1 0.02 50 0.006 0.008
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Figure 3. Comparison graph for bare tool and additive tool on MRR.

3.2. Influence of Additive Manufactured Tool Electrode on Circularity and Overcut

The quality of the micro-hole produced by ECMM process on titanium specimens by
AM tool and bare tool electrodes. It can be measured by capturing circularity and overcut
of the workpiece under various process parameters combinations. The optical microscope
(SVI107 manufactured by SIPCON, India) was used examine the quality of micro-hole by
measure the value of circularity and overcut. The scanning electron microscope (SEM S-
3400N manufactured by Hitachi, Japan) has been used to understand surface morphology
in the present study.

Figure 4 shows the SEM image of a micro-hole on a beta titanium alloy workpiece
machined using a SS316L bare tool in ECMM. The circle in the figure shows the micro-
holes in the machined region of the workpiece. The workpiece was machined by bare tool
under (15 V voltage, 1 mol/L Sodium Nitrate, and 50% duty cycle) and (15 V voltage, 1
mol/L Sodium Nitrate with 0.002 mol/L Sodium Citrate, and 66% duty cycle) for SEM
analysis. It was observed that higher duty cycle increases the number of free ions for the
electrolyte. This could increase MRR by increasing the current in the process owing to a
higher duty cycle. It could increase the quality of micro-holes by producing larger and
concentrated craters in the bare tool [29,30].

(a) (b)

Figure 4. SEM image of machined workpiece surface by bare tool (a) 15 V, 1 mol/L Sodium Ni-
trate, 50% duty cycle (b) 15 V, 1 mol/L Sodium Nitrate, 66% duty cycle.



Metals 2021, 11, 778

8 of 13

Figure 5 shows the SEM image of micro-hole on beta titanium alloy workpiece ma-
chined using the additive tool of SS316L in the ECMM process. The circle in the figure
shows the micro-holes in the machined region of the workpiece. The workpiece machined
by bare tool under (15 V voltage, 1 mol/L Sodium Nitrate and 50% duty cycle) and (15 V
voltage, 1 mol/L Sodium Nitrate with 0.002 mol/L Sodium Citrate and 66% duty cycle) for
SEM analysis. The higher duty cycle could produce larger and more concentrated craters
in the ECMM process. The surface accuracy was also observed in better form due to the
higher particle uniformity and corrosion resistance, which could reduce the unwanted
material removal on the machined surface in the ECMM process. It could result in com-
promising the quality of micro-holes on the machined specimens.

- Micro hole™ &

(a) (b)
Figure 5. SEM image of machined workpiece surface by additive tool (a) 15 V, 1 mol/L Sodium
Nitrate, 50% duty cycle (b) 15V, 1 mol/L Sodium Nitrate, 66% duty cycle.

Table 4 shows that better circularity was observed with the additive tool than the
bare tool. The dimensional exactness of the tool electrode demonstrates the dimensional
accuracy over the machined specimens. Hence, the circularity of specimens was observed
as better with the additive tool owing to the elemental exactness of the tool electrode, as
shown in Figure 6. The reason behind the better dimensional accuracy of additive manu-
facturing could be due to the layer by layer manufacturing technique. It could avoid any
shrinkage of metal during manufacturing.

Table 4. Comparison table between Bare Tool and Additive Tool for Circularity.

Trials Circularity by Circularity by
Bare Tool (um) Additive Tool (um)
1 67.19 17.53
2 40.21 0.59
3 2.39 0.87
4 19.43 0.58
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Figure 6. Comparison graph for bare tool and additive tool on circularity.

Table 5 shows that a lower overcut was observed with the additive tool than with the
bare tool. The lower overcut of specimens was observed with additive tool due to the layer
by layer additive manufacturing of the tool electrode, as shown in Figure 7. It could be
due to the high localization effect and minimization of stray current provided by additive
manufacturing tool in the ECMM process.

Table 5. Comparison table between Bare Tool and Additive Tool for Overcut.

Trials Overcut by Overcut by
Bare Tool (um) Additive Tool (um)
1 25.5525 17.6575
2 21.29 16.4875
3 5.4175 4.7375
4 18.2725 9.99
30 4

25.5525

~N
w
I

18.2725

~N
o

Overcut (um)

—
o

5.4175 4.7375

. Trial number .

Figure 7. Comparison graph for bare tool and additive tool on overcut.
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3.3. Surface Morphology Analysis with Additive Manufactured Tool Electrode

The corrosion can be seen in the tool at the tool tip and tool surface with a bare tool
electrode as shown in Figure 8. The circle indicated the corrosion on the tool after the
machining process. The corrosion in the tool is due to pitting corrosion, as the corrosion
is not uniform throughout the tool and forming pits on the tool surface. Tool surface to-
pology shows that the influence of the machining process over the tool electrode surface.
After machining process, more craters were observed over the machined surface due to
material removal in the ECMM process. It is due to defects that occurred during conven-
tional manufacturing of the tool [31]. Figure 8 shows the corrosion at the tool tip and tool
surface with the AM tool after machining process to represent the tool corrosion. The
lower tool pitting corrosion in the AM tool was observed, since the AM tool could produce
uniform corrosion and forming fewer pits on the tool surface [32]. Tool surface topology
shows that the machining could minimally affect the AM tool the bare tool owing to its
ability of lower and tiny craters in surface topology of additive tool [33]. It could be due
to a smaller number of manufacturing defects occurred during manufacturing of the tool.
The corrosion in bare tool was the pitting corrosion, since the corrosion was not uniform
throughout the tool and forming pits on the tool surface. It was observed that the tool
surface of the bare tool electrode after the machining process became rougher than the
additive tool. The crater size in bare tool was higher than the additive tool. The tool surface
and tool tip of additive manufactured was observed with lower corrosion compared to
bare tool [34]. It was found that the bare tool could be corroded at a faster rate than that
of the additive tool, since the manufacturing of the AM tool electrode could be involved
with lower chemical reactance by oxidizing agent in the electrolyte environment to cor-
rode the tool [35]. The corrosion was localized on the areas where machining defects were,
which could lead to random distribution of the corrosion. It could lead to lower pitting
corrosion with additively manufactured tool electrode in the ECMM process.
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Figure 8. SEM analysis of machined specimens in ECMM (a) bare tool (b) AM tool.

4. Conclusions

In the present study, an endeavor was performed to find the effects of an additive
manufactured tool electrode and process parameters involved in the ECMM process on
machining stainless steel for obtaining better performance measures. From the experi-
mental results, the following conclusions were drawn.

e The additive manufactured tool can produce higher MRR, since the composition of
additive tool has more uniformity with strong atomic bond of metals and higher tool
conductivity.

e  The additive manufacturing can give considerable dimensional accuracy in terms of
circularity and overcut due to increased localization effect and less stray current.



Metals 2021, 11, 778 12 of 13

e  The lower tool corrosion can be obtained in additively manufactured tool, since the
additive tool has porous and less surface defects owing its fabrication of layer-by-
layer addition of material.
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