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1 Introduction

Electrochemical micromachining is emerging as one of the capable techniques among
the non-conventional machining methods that are preferred for its accuracy, surface
finish along with other favorable outcomes. EMM is considered as a complex process
because the parameters that are not significant at macro level become very sensitive
at micro level [1]. The effect of scale on electrochemical machining (ECM) applied
in the micro level was investigated by Mouliprasanth et al. and stated that operating
parameters require down scaling for similarity between macro and micro ECM [2].
.As the process requires research for numerous combination of materials and other
input variations, this technique is under constant investigation to overcome the chal-
lenges and improve its capability. The electrochemical machining has been brought
into micromachining domain because of the continuous works of the researchers
world-wide. Reducing the inter-electrode-gap (IEG) without distracting the perfor-
mance of EMM was a great challenge encountered by the researchers. By employing
ultra-short pulses, the machining gap was considerably reduced by Schuster et al.
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to realize the potential utilization of EMM in the micro-fabrication domain. The
research used a mixed electrolyte of CuSO4 4+ HCIO4 to machine copper [3]. Also
the EMM experimental setups are being developed by different organizations, labo-
ratories, educational institutions and individual researchers all over the world to
enhance the capability and refine the various sub-systems and components involved
in the process. An EMM setup with pulsed power was designed in which experi-
ments were carried out successfully with precision by Bhattacharyya et al. The IEG
was reduced to the lowest possible micrometer range to achieve better accuracy. The
inter electrode gap was monitored by detecting the value of current at the gap through
a sensor. The experiments also revealed the impact of various input parameters on
performance parameters and emphasized the need for optimization of process param-
eters [4]. Mithu et al. designed and developed an EMM setup having three co-ordinate
movements of tool and automation of tool-feed system with computer monitoring [5].
To avoid deposition of sludge on micro-tool, it was made to vibrate during machining
by Ghoshal et al. and obtained improved performance [6].

Micro tools with different shapes and aspect ratios have been experimented in
EMM to find their influence on the performance [1]. Thanigaivelan et al. conducted
EMM experiments with micro tools having different tip shapes to investigate their
effect on the process and found the conical shaped tools to provide better performance
[7]. To avoid stray machining and as well the taper effect on the workpieces having
higher depths, the side surface of the tool requires insulation [8, 9]. The surface
quality of the work materials have been improved by using masks in the EMM
process [10]. Kumar et al. have utilized reusable masked tool to produce micro square
pattern on SS-304 material through EMM [11]. An electrolyte flushing technique for
continuous flushing of passive layer and sludge from the electrode interface was
utilized for improving the circularity of the micro-hole fabricated through EMM by
Pooranachandran et al. [12]. A sensor arrangement was used to maintain constant
flow velocity in the electrode gap to cause improvement in the performance of the
EMM process by Geethapriyan [13]. Apart from metals, materials such as alloys and
electrically conducting composites of different types have also been machined for
micro-features using EMM and the input parameters optimized [14, 15].

Using appropriate electrolyte for a particular materials is very important in EMM
process. It is the electrolyte which carries the ionic charges and causes dissolu-
tion of the anode work material. With every experimental research, electrolytes
for different materials are identified and data base made available. Aluminium
metal matrix composites have been machined through EMM using NaNOj3 (sodium
nitrate) and NaCl (sodium chloride), considered as neutral solutions to investi-
gate the variation in performance by Hackert et al. [16]. For machining very hard
alloys, a small fraction of acid is added in the neutral electrolytes which otherwise
becomes very difficult to machine through EMM process [17]. Some alloy compo-
sitions having multiple elements require mixed electrolytes for machining through
EMM. A composite solution containing NaNO; and NaCl was used for machining
Cr12Ni9Mo4Cu?2 and the input parameters were optimized by Tang et al. [18]. A
material called ‘Gamma-Titanium—Aluminium-Intermetallic’ used in engine appli-
cations in aero industry which has poor machinability was machined through EMM
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using NaCl solution successfully by Liu et al. [19]. Eco-friendly electrolytic solution
like citric acid solution has also been attempted to machine steel under EMM and
found to give excellent performance by Ryu [20]. Even pure water as electrolyte was
used with an ion-exchange catalyst to machine stainless steel work-material under
EMM process successfully by Huaiqian et al. [21]. The performance of the EMM
process is affected mainly by the contaminants. The various contaminants such as
conductive/non-conductive particles, chemical by-products, sludge, gas bubbles that
hinder the machining gap and lower the performance of the process were investigated
by Schulze et al. [22].

Due to complex nature and interaction between input factors, EMM process
requires multi-objective optimization to get optimal parametric combination to maxi-
mize the performance. Researchers have been applying many different optimization
techniques and their combinations to enhance the predictions. In the optimization of
micro-EDM process variables for SS-316L material, the response function modeled
through RSM was utilized in GA (genetic algorithm) to get optimal set for maximum
MRR (material removal rate) and minimum TWR (tool wear rate) by Suresh et al.
[23]. In the ECM of die-tool-steel (containing high carbon & high chromium), copper
nano-particles mixed NaNO; solution (nano-fluid) was utilized as electrolyte to
reduce spike formation. Also MOGA (multiobjective genetic-algorithm) was applied
for achieving enhanced MRR and surface quality through optimization of voltage
and tool-feed levels by Sathiyamoorthy et al. [24]. The ECM process parameters such
as voltage and electrolyte feeding rate were optimized in the machining of AISI-202
austenitic SS material to attain improved MRR and surface texture by making use
of RSM [25]. Researchers have also optimized EMM operating parameters using
Taguchi technique, GRA (Grey relational analysis) and other techniques [26, 27].
The current research involves electrochemical micromachining of SS304 steel work-
material using citric acid to generate micro-holes and multi objective optimization
of the input parameters through GRA.

2 Materials and Experimental Details

The details of experimental setup used and the materials used for experimentation
along with input parameters are discussed below.

2.1 Experimental Device for EMM Process

An experimental setup built in-house was utilized to perform electrochemical micro-
machining experiments. The experimental arrangement is presented in Fig. 1. The
setup is an assembly of all the essential sub-units required for EMM operation like
mechanical support elements, micro-tool feeding system with stepper motor and
lead-screw provision, micro-controller kit to monitor tool-feed and a pulse rectifier
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Fig. 1 Experimental setup showing sub-units

unit to supply pulsed power. It is a single axis machine with only vertical movement
of the tool.

2.2 Input Factors Used for the Experiments

The work material used in this experimentation was SS-304 sheet of 45 mm X
43 mm x 200 pwm size. The tool was made of tungsten with a diameter of 380 pm.
The lateral surface of the tool was insulated to enable localized machining. Citric
acid (C¢HgO7) solution which is considered as an environment friendly electrolyte
was used for machining. Citric acid is normally extracted from citrus fruits (lime,
lemon etc.), vegetables and plants and this organic compound belongs to the group
of carboxylic acids. It is applied for metal cleaning purposes and has the potential
to prevent precipitates formed during machining that are insoluble in nature and
cause hindrance to the process [20]. Organic acids are generally considered as weak
electrolytes with less conducting capabilities [28].

The input parameters selected for study were supply voltage (Volts), current
(Ampere), pulse on-time (in milliseconds: ms) and electrolyte concentration
(gram/litre: g/1). The frequency at 50 Hz and the electrode gap at 40 pm were kept
as constant values. The machining rate (MR) which reveals the speed of the process
and the overcut (OC) which shows the accuracy of the generated micro-hole dimen-
sionally were taken to assess the performance. The micrograph of the micro tool is
presented in Fig. 2.
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Fig. 2 Tungsten micro-tool
(Diameter 380 pum)

2.2.1 Estimation of Performance Characteristics
The estimation of some important characteristics in EMM process are given below.

Machining Rate = Thickness of workpiece (jum) / machining time (s)
Radial Overcut = (Hole diameter — Tool diameter) /2
Duty cycle = (Pulse on-time / Pulse period) x 100

where Pulse period is equal to ‘Pulse on-time + Pulse off-time’

For example 50 Hz denotes 50 pulses/s which means 1/50 = 20 ms duration
for each pulse. Now a duty cycle of 1:1 indicates 10 ms pulse on-time and 10 ms
pulse-off-time

In pulse on-time period, the machining occurs while the pulse- off-period is
utilized for flushing the by-products and other contaminants from the electrode gap
by the passing electrolyte.

Preliminary trials were performed to decide the initial level of selected input
parameters. When the voltage level was kept below 8 v, no dissolution of the work-
piece was observed for a long time. Hence 8 V served as initial base value and other
factors were set accordingly. The experimental design followed was Taguchi’s L9
orthogonal array with four factors, each at three levels. The input parameters were
optimized using GRA multi-objective optimization technique.

3 Optimization by GRA

The GRA technique was applied for optimization of EMM process in which the
required outcome of each performance parameter may vary as higher machining rate
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Table 1 Experimental inputs and results

Trail no. | Input factors Response factors
Voltage Current Pulse Elec. Machining rate | Overcut
(Volts) V| (Ampere) A | on-time conc. (MR) (m/s) (OC) (um)
(ms) T-on | (g/l) EC
1 8 1 10 15 0.0556 81.83
2 8 1.2 15 20 0.0849 63.23
3 1.4 17.5 25 0.0915 102.77
4 10 1 15 25 0.0906 98.11
5 10 1.2 17.5 15 0.0753 93.46
6 10 1.4 10 20 0.0457 60.9
7 12 1 17.5 20 0.0909 114.39
8 12 1.2 10 25 0.0711 65.56
9 12 1.4 15 15 0.0867 84.16

and lower overcut are preferred. GRA could convert a process having multiple objec-
tives into a process of single base objective that gives an optimal solution to satisfy
all the objectives. The technique uses a sequences of mathematical expressions to
reduce the multi-objectives into common relational grade for comparing and finding
the solution [29].

The input factors, their levels used in the L9 design and the outcomes attained are
presented in Table 1.

3.1 Different Stages of GRA

Data processing or Normalization is the first step in this method in which the
different units of the performance characteristics are made comparable by converting
them to fit into a range of values between O and 1. Thus the original sequence of
values is now converted into a comparable sequence by normalizing the values.

In accordance with targeted value designed to obtain, the expression for
normalization varies as follows.

To obtain the characteristic of ‘larger the better’, the following expression is
applied.

* x{ (k) — minx! (k)

x; (k) =

(1)

max x? (k) — minx? (k)

where x? (k) is originally existing sequence, x;" (k) is sequence obtained after the
data underwent preprocessing, max x; (k) implies the largest value of x{(k), and
min x? (k) implies the smallest value of x? (k).

For “the lower-the better”, the normalization expression is:
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max x} (k) — x{ (k)

max x7 (k) — minx? (k)

x| (k) = 2)

Grey relational coefficient (GRC) is found out next. This value expresses the
correlation between normalized quality characteristics of ideal and actual values. It
is given by:

minmin|x¢ — x;;| + ¢ maxmax’x;’ — Xij
i J L J

GRC, §;; =
|xlf’ —xij| + {miaxmjax‘x;? — Xij

Amin + Amax
- £ 3)
|)Cf - xij| + ¢ Amax

where x; is the ideal results of normalization obtained for the ith characteristics and
¢ is the distinctive coefficient, defined within the range of 0 <¢ > 1.

GRG (Grey relational grade): To reduce the number of GRCs requiring compar-
ison, the sequences are converted into its mean values which are referred as GRGs.
The GRGs are obtained by:

N
1
Grey relational grade, o; = 5 Z &) (4)

i=1

Here, j is the GRG for jth trial and N provides the number of response parameters.

3.2 GRA Results

The results obtained at various stages of GRA process for the EMM performance
characteristics like Machining rate (higher-the—better) and Overcut (lower-the-better)
are summarized below in Table 2. The table includes S/N ratio values, normalized
values, GRC values and the GRG values obtained through the mathematical equations
at different stages of the GRA calculations.

The Table 2 provides grey relational grade for all the nine EMM experiments
conducted to generate micro-hole on the sheet of SS-304 utilizing tungsten tool and
solution of citric acid. The grey relational grade with highest value is considered to
be nearer to the ideal value. The table shows experiment number 2 as having the
highest grade of 0.848 that gives the best multiple performance characteristics. The
parametric combination includes 8 V (Volts), 1.2A (Ampere), 15 ms (‘Pulse-on-time’
period) and 20 g/1 (concentration of electrolyte).
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Table 2 Summary of GRA results

Trial no. S/N Ratio Normalization Grey relational GRG
coefficient
MR oC MR oC MR oC
1 25.099 —38.258 0.216 0.609 0.389 0.561 0.475
2 —21.422 —-36.018 0.856 0.956 0.776 0.920 0.848
3 —20.772 —40.237 1.000 0.217 1.000 0.390 0.695
4 —20.857 —39.834 0.980 0.304 0.962 0.418 0.690
5 —22.464 —39.413 0.646 0.391 0.586 0.451 0.518
6 —26.802 —35.692 0.000 1.000 0.333 1.000 0.667
7 —20.829 —41.168 0.987 0.000 0.974 0.333 0.654
8 —22.963 —36.333 0.555 0.913 0.529 0.852 0.690
9 —21.240 —38.502 0.895 0.565 0.827 0.535 0.681

Table 3 Response table for means

Level | Voltage (V) | Current (A) |Pulse on-time (T-on) | Electrolyte Concentration (EC)
1 0.6727 0.6064 0.6107 0.5581

2 0.6251 0.6855 0.7397 0.7229

3 0.6750 0.6808 0.6224 0.6918

Delta | 0.0499 0.0791 0.1290 0.1648

Rank |4 3 1 2

3.2.1 Analysis of Response Table for Means

The response table for means reveals the influence of each input factor on the process.
The response tale for means is depicted below in Table 3.

The response table values clearly reveal that pulse on-time as the most significant
factor that is followed by electrolyte concentration, supply current and supply voltage
in that order for their influence on the electrochemical micromachining process of
SS-304 by citric acid solution.

3.2.2 Analysis of Response Plot of GRG

The average response table as well as the average response graph could provide the
optimal levels of each input factor of the EMM process. The mean response plot
of the GRG is presented in Fig. 3. It can graphically show the significance of each
parameter on the basis of mean values. With reference to the response-table and the
response-plot, the optimal set could be formed as V3—A,—T-on,—EC,.

The response graphs of GRG presents the corresponding variation of the response
while each parameter’s level changes from 1 to 3. Based on response graph for GRG
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Main Effects Plot for Means
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Fig. 3 Main effects plot for GRG

revealed in Fig. 3, the optimum combination of machining parameters are found to
be: The voltage at level-3 (12 V), current at level-2 (1.2A), pulse-on-time at level-2

(15 ms) and concentration of electrolyte at level-2 (20 g/1).

4 Discussion
The observations made on the process of generating micro-holes on SS-304 material
through electrochemical micromachining by using tungsten tool and citric acid as

electrolyte have been discussed below.

4.1 Optimal Parametric Combination

The performance parameters evaluated in the process of making micro-holes by

EMM are machining rate and overcut. The requirement is that of higher machining
rate and lower overcut. The Grey relational analysis technique used for multi-
objective optimization has produced an optimal combination comprising a voltage
of 12 V, supply current of 1.2 A, pulse on-time period of 15 ms and an elec-
trolytic concentration of 20 g/l among the different input combinations used in the

experiments.
(level 3) would account for the higher machining speed of the process whereas the

middle level inputs of current, pulse on-time and electrolytic concentration (all at

An analysis of the above combination shows that the voltage at highest level
level 2) contribute for the moderate speed of the process as well as reduction in
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overcut. Past literatures on EMM process have revealed that increase in applied
voltage increases machining rate but reduces the accuracy. This is because, tendency
for stray machining increases at higher voltages resulting in overcut. Using a weak
electrolyte like citric acid also reduces the machining speed which leads to improved
process accuracy [28].

4.2 How the Input Factors Affect the EMM Process?

Bhattacharyya et al. investigated the effect of various input parameters on the perfor-
mance of EMM process during the investigation to generate micro-holes on copper
sheet. The report states that the input factors affect the process in such a way that
improved accuracy can be achieved only along with moderate machining speed. Such
an input combination include voltage at higher level, moderate level of pulse on-time
(to provide enough pulse off-time to flush the sludge from the inter electrode gap)
and the electrolyte at lower concentration level [30].

Higher voltage normally increases the machining rate as it causes increase in
current, current density (current/area) and electric field (voltage/unit length) which
increase the dissolution rate at the machining gap. But if it exceeds optimum level,
tendency for the evolution of H, at the cathode tool increases and also these gas
bubbles may get trapped in the machining gap as a result of which current density
of the anode workpiece is lowered and electrolyte resistivity is increased thereby
reducing the machining rate [31].

Normally the machining rate is increased for increased electrolyte concentration
as more conducting ions are available for dislodging the ions from the anode work
material as per the investigation of Ayyappan et al. in the machining of an alloy
steel with a mixed electrolyte [32]. But there is an optimum limit up to which this
increase in machining rate can happen after which the ions tend to clog the electrode
gap and disrupt the machining. Ghoshal et al. employed H,SOy4 (sulphuric acid)
solution to produce micro-channels on SS-304 material and observed that electrolyte
concentration of lower level as well as higher level, both result in stray machining.
The study revealed that only moderate level of electrolyte concentration could serve
as optimum level [33]. With higher level of electrolyte concentration, more ions are
released in the solution and their mobility may be curtailed due to attraction between
ions. If more ions are available in the electrolyte solution, as charge carriers their
chaotic distribution around the inter electrode gap cause non-uniform electric field
resulting in stray dissolution.

For rise in pulse on-time, the machining rate also gets raised. Increase in duty-cycle
(i.e. pulse on-time) simultaneously decreases pulse off-time. Hence, if the pulse-off-
time period is insufficient to eliminate the reaction products from the electrode gap,
it may lead to short-circuit between the anode (workpiece) and the cathode (tool)
causing micro sparks that produce overcut. Again if the pulse on-period is longer,
the electrolyte solution at the gap may get heated up causing sparks and stray cut.
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Fig. 4 Micro-hole machined
at 12V, 1A, 20 ms & 20 g/1

Fig. 5 Micro-hole machined
at8 V, 1A, 10 ms & 15 g/l

4.3 Micro-hole Images

The micrographs of the micro-holes machined on SS-304 sheet using citric acid
solution are shown in Figs. 4 and 5. The micrographs show moderate quality of
circular holes, the circumference of which have slightly rough edges. The usage of
citric acid as electrolyte has resulted in the reduction of overcut considerably. Citric
acid being a weak electrolyte provides a very slow machining rate compared to other
inorganic electrolytes. However it produces good quality holes with less stray cut.

5 Conclusions

An experimental EMM setup was utilized to generate micro-holes on a sheet of SS-
304, using a tool made of tungsten material and citric acid as electrolyte. Taguchi’s
design of L9 was applied to conduct the experiments and the input parameters
were optimized through GRA multi-objective optimization technique. The important
conclusions are noted down.
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Citric acid which is an environment friendly electrolyte can be successfully
utilized in the EMM process for micromachining.

The machining speed of citric acid is slow due to its weak acidic nature. However
it improves the accuracy of the drilled holes.

Among the input parameters studied, ‘pulse-on-time’ was found to be the most
significant factor followed by electrolyte concentration, supply current and supply
voltage in that order for their influence on the electrochemical micromachining
process of SS-304 by citric acid solution.

The optimum combination of machining parameters found through GRA is: The
voltage atlevel-3 (12 V), current at level-2 (1.2A), pulse-on-time at level-2 (15 ms)
and concentration of electrolyte solution at level-2 (20 g/1) for maximizing the
machining rate and minimizing the overcut.
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