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Abstract — This paper presents the fabrication of a microchannel on stainless steel 316L (SS
316L) by electropolishing method. Machining parameters such as applied voltage, concentration
of NaCl in the electrolyte solution and machining gap between tool and workpiece have been
optimized in this electropolishing process. The Taguchi method is adopted to ascertain the
optimum process parameters in order to increase maximum material removal rate using L9
orthogonal array. Pareto analysis of variance is employed in order to analyze the machining
process parameters to the material removal rate. The result shows that the optimal parameters to
achieve the maximum material removal rate is by using a combination of 10 V as applied voltage,
NaCl concentration of 15 wt.%, and setting 1 cm as the machining gap. It has been also found out
that in order to have relatively high material removal without sacrificing the surface quality and
the geometrical accuracy of the microchannel produced, applied voltage at 7 V, NaCl
concentration of 7 wt.% and machining gap of 3 cm is the best combination of the electropolishing

parameters. Copyright © 2021 Praise Worthy Prize S.r.l. - All rights reserved.
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Nomenclature

\Y Applied voltage

S/N Ratio  Signal to noise ratio

M Output mean

n Number of runs

MRR Material Removal Rate

EDM Electrical Discharge Machining

l. Introduction

Stainless steel 316L (SS 316L) has been extensively
used in biomedical devices due to its remarkable
properties such as high biocompatibility, mechanical
strength and corrosion resistance [1], [2]. SS 316L
exhibits relatively good strength and corrosion resistance,
a common choice for biomedical implants and
pharmaceutical products where a minimum metallic
contamination is often required. Microfilter is one of the
applications of SS 316L used as a dialyzer of implantable
artificial kidney [3]. The microfilter works as a dialyzer,
an apparatus in which dialysis is carried out consisting
essentially of one or more containers for liquids, which
has a set of membrane and microchannel formed on SS
316L metallic sheet for solutions flow [4]. The dialyzer
has consisted of wet-etched Titanium sheets that have
formed a microchannel and a dialysis membrane,
sandwiched in a microsystem in order to perform blood
filtration [5]. Surface qualities of the microchannel and
other metallic implants, specifically on its corrosion
resistance, play an important role in their

Copyright © 2021 Praise Worthy Prize S.r.I. - All rights reserved

209

biocompatibility, performance and functionality [7]-[9].
Therefore, various advanced machining processes
have been utilized in order to obtain high surface quality
of the surface machined of metallic implants, especially
when microchannel requires a complex micro-profile,
including 3-dimensional printing [10], micro-electrical
discharge  machining  (micro-EDM)  [11], [12],
electrochemical machining [13], additive manufacturing
[14], to name a few. However, those machining
processes often produce surface cracks and microvoids
[15], [16]. Hence, surface modification is definitely
needed in order to meet biocompatibility qualifications
for implantable device [17]. However, in the fabrication
of miniature products, roughing and finishing processes
are often integrated into one process due to the tiny
removal and the intricate shape. Microchannel for
dialysis system has labyrinthine patterns with holes and
small blood passages, formed over a thin biometallic
sheet [18]. Micromachining processes such as
micropunching cannot be utilized since direct machining
will introduce mechanical stress on the machined sheet,
affecting the surface properties and further reducing the
performance of the microchannel. Therefore, it is
advisable to use an advanced machining process where
there is no contact between the tool cutter and the
materials being machined. There are several advanced
manufacturing processes that it is possible to produce
such intrusion in a thin biometallic sheet. A wet-etching
process, which uses liquid chemicals to remove materials
from a wafer, is usually adopted for this case. The
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material is removed from the wafer where photoresist
mask is not present, hence forming a negate intrusion of
the photoresist mask. This method is low cost. However,
it is difficult to control the removal mechanism especially
when the final product should have a precise dimension
and a qualified surface finish as a micro-implantable
device. The other option is using electrical discharge
machining process. This process is a stress free
machining, where material is removed by means of a
series of tiny, repeated electrical discharges between the
two electrodes in the presence of dielectric fluid [19].
EDM offers a high machining efficiency amongst the
other machining processes. However, the operating cost
is high and it requires a specific mold to be used as the
tool electrode [20]. It also suffers from the problems with
surface integrity owing to the thermally induced defects.
Amongst advanced machining processes,
electropolishing has been considered as a promising
method to improve the biocompatibility of implant
material by providing of high surface finish [21], [22], no
tool wear and absence of thermally induced defects [23],
[24]. Electropolishing is one of the advanced
manufacturing processes that use Faraday's law principle
to remove conductive materials such as stainless steel or
similar alloys [25], [26]. In principal, electropolishing
has a similar reaction with electrochemical machining,
where the workpiece is normally selected as the anode,
since it dissolves into the electrolyte solution. At the
anode, workpiece surface experiences oxidation and then
dissolves into the electrolyte solution [27], [28]. The
reaction is described as follows:

M - M +ne” 1)
where n is the number of the electron released from metal
atom during electrochemical reaction. Apart of the
anodic reaction, oxygen evolution and formation of
hydrogen ions as a result of electrolysis of water may
also take place [27]. The reaction can be written as:

Hy0 - 2H* +1/,0, 1 +2e~ )
In the case of using non-passivating electrolytes, such
as NaCl and NaBr, the development of halogen gases
may occur [28], [29]:
2Br~ - Br, T +2e” (3)
At the cathode, different reactions take places based
on the type of the electrolyte used. When the basic
electrolytes are used, the liberation of hydrogen gas and
local increase in alkalinity of the electrolyte solution is
caused by the electrolysis of the water due to the
formation of hydroxyl ions [28], [30]. During the anodic
reaction, these hydroxyl ions reactions with the metallic
ions are produced, and then they precipitate as sludge,
which may deteriorate the stability of electrochemical
process. Therefore, it is recommended to have acidic
electrolytes in order to minimize the sludge precipitation
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[29], [31]:

2H20 + 2e” - 20H — +H2 (4)

®)

The electrochemical activity occurring between tool
and the workpiece during electrochemical machining is
illustrated in Fig. 1. Due to the nature of the material
removal, most of the electropolishing researches have
focused on perfecting surface quality during finishing
process rather than material removal for roughing
process.

However, electropolishing process combines chemical
and electrical parameters, which somehow is challenging
to synchronize the two in order to yield a high material
removal rate and surface finish. The microchannel is
formed on a thin biometallic sheet, and adding a small,
intricate shape to produce the electropolishing process
will be focused on material removal in order to make a
final product.

In this work, electropolishing on SS 316L sheet has
been performed in order to fabricate microchannel under
different machining parameters, aiming to reach high
material removal rate with sufficient surface finish. There
have been three parameters to optimize, i.e. the applied
voltage, the concentration of electrolyte solution, and the
machining gap between the tool and the workpiece.

Taguchi statistical method has been utilized to
determine the optimum machining parameters. The
parameters have been analyzed using Pareto analysis of
variance based on the respective material removal rate,
geometry accuracy of the electropolished microchannel,
and the surface quality produced.

The structure of this paper presents Section |
describing material removal mechanism in
electropolishing process. Section Il deals with the details
of material, experimental methods and statistical analysis
used in this study. Section 1l focuses on the experiment
results related to the effect of machining parameter on
material removal rate based on statistical analysis.

M™ + nOH- > M(OH),

< ™

N Electrolyte flow

Elecn'ons

M - M+ n?
M" 4 n0H™ = M(OH),

Precipitate

Anode (Workpiece)

Dissolved metal/precipitate

Fig. 1. lllustration of electrochemical activity
in the inter-electrode gap during electrochemical
machining (Redrawn from Modern machine shop)
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Il1. Materials and Methods

This section presents the material used and the
fabrication steps of microchannel on SS 316L sheet.

I.L1. Material

Commercially available SS 316L sheets as the
workpiece, and titanium sheets as the tool electrode, 200
pm in thickness, have been purchased from Nilaco Japan
Co. Ltd. Sodium chloride (NaCl) has been purchased
from CV. Alfa Kimia, Indonesia. Pure water has been
mixed with NaCl at three different concentrations: 7%
wt, 10% wt, and 15% wt, for the preparation of the
electrolyte solution. DC power has been used to supply
pulse voltage in order to provide energy for
electropolishing process.

1.2.

In this study, microchannel on SS 316L sheet has been
fabricated using electropolishing method. Prior to the
electropolishing process, SS 316L sheets have been
covered by a patterned photoresist vinyl mask. It has
acted as a protection film for area that would not be
machined. The masked SS 316L sheet has been
subsequently dipped into the electrolyte bath in order to
start the electropolishing process. The masked SS 316L
has acted as the anode, whilst the titanium has acted as
the cathode. Figure 2 shows the detail fabrication of
microchannel on SS 316L sheet using electropolishing
method. In the electropolishing process, machining
parameters such as the applied voltage, concentration of
NaCl solution, and the machining gap play an important
role in having maximum material removal rate. In order
to increase the material removal rate, Taguchi statistical
method has been used to determine the optimal process
parameters. Statistical method has been considered as
one of the best method to determine the optimum
parameters for any kind application [32], [33]. Table |
shows the machining parameters used in this work,
whilst, electropolishing time has been set to 7 minutes.

Fabrication of Microchannel on SS 316L Sheet

I11.1. Optimization of the Machining Parameters
via Taguchi Method

Result and Discussions

Three  parameters, applied  voltage, NaCl
concentrations in electrolyte solution, and machining gap
between the tool and the workpiece, have been designed
as factor A, factor B and factor C, consecutively. Each
one consists of three levels. The levels of the factors for
the experiments have been determined based on the
results from the preliminary study.

TABLE |
MACHINING PARAMETERS OF ELECTROPOLISHING PROCESS
Voltage (V) 5, 7 and 10
NaCl concentration (wt. %) 7,10 and 15
Machining gap (cm) 1,2and 3
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Applied voltage is considered as qualitative
parameters, and it has three levels, which are 5 V, 7 V
and 10 V. The NaCl concentration in electrolyte has been
fixed at three levels, i.e. 7 (wt. %), 10 (wt. %) and 15 (wt.
%).

For the machining gap between the tool and the
workpiece, the first, the second, and the third levels have
been 1 cm, 2 cm, and 3 cm.

The detail of the level of machining parameters is
shown in Table Il. In order to determine the effect of
each variable to the material removal rate, the signal to
noise (S/N) ratio is employed. In the S/N ratio, three
characters can be used: the-smaller-the-better, the-
nominal-the-best, and the-larger-the-better. For the
material removal rate, the larger the better type
characteristic (Equation (6)) is used because maximum
material removal rate is desirable.

1
=
S/N = —10log [T#Zl ©)

Material removal rate and the S/N ratio of each
machining parameters combination are shown in Table
I11. Based on the value of material removal rate presented
in Table 111, the average of S/N ratio level for each factor
is summarized in Table IV.

TABLE Il
FACTORS AND THEIR LEVELS OF PARAMETER
IN ELECTROPOLISHING PROCESS

Levels
Symbol Control factor 0 1 2
A Voltage (V) 5 7 10
B NaCl concentration (wt. %) 7 10 15
C Machining gap (cm) 1 2 3

TABLE Il1
RESULTS OF THE MATERIAL REMOVAL RATE AND S/N RATIO IN
ELECTROPOLISHING PROCESS

Experiment MRR (mg/s) S/N
E,\Tg' factors* Noise factor Mean F(?S?
A B C NO N1 N2

1 A0 BO CO 148 113 0.82 1.14 0.41

2 A0 Bl Cl1 056 089 099 081 -2.61

3 A0 B2 C2 097 115 101 1.04 0.3

4 Al BO C1 135 135 139 1.36 2.69

5 Al Bl C2 125 139 142 1.35 2.59

6 Al B2 CO 134 129 127 1.30 2.27

7 A2 BO C2 135 15 1.37 141 2.94

8 A2 Bl CO 249 251 2.7 2.57 8.17

9 A2 B2 Cl1 246 262 257 2.55 8.12

Note: *refer to Table 11
TABLE IV

AVERAGE S/N RATIO BY FACTOR LEVELS (dB) FOR MATERIAL
REMOVAL RATE IN ELECTROPOLISHING PROCESS

Factor*
A B C
Level 0 -0.63 2.01 3.62
Level 1 2.52 2.72 2.73
Level 2 6.41 3.56 1.94
Max-Min 7.04 1.55 1.68
Average 2.76 2.76 2.76

*Factors and levels was described in Table 1l
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Design of metal channel layer SS 316L sheet Masked SS 316L sheet
metal X
rags anode <:alh(’)de titanium
|l particle moving
)( . X" : NaCl electrolyte
R e .
tehe = In anode, a metal plate X is
e ionized as follows:
4l X—X"+e
in wich NaCl helps as
electrolyte

Fabricated metal channel layer

* magnetic stirrer o

Electropolishing process

Fig. 2. Fabrication steps of microchannel on SS 316L using electropolishing

111.2.  Combination of Optimal Levels for Each Factor

The aim of this study is to increase the material
removal rate by determining the optimum level for each
factor. It can be determined by the level with the highest
S/N ratio value. Based on the data presented in Figure 3,
the optimum combination of each factor is A3B2C0. This
means that the optimal levels are A3 (voltage is 10 V),
B2 (NaCl concentration is 15 wt. %), and CO (machining
gap is 1 cm) and the combination of those machining
parameters has a significant effect in achieving
maximum material removal rate. The results of the
optimum machining parameters are summarized in Table
V.

7 -o- Voltage (V)
6 —#- NaCl concentration (wt.%)
% 5 —a- Machining gap (cm)
L 4
i’; 3 /I/. \
< 2

1

" 7

-1 A0 Al A3 B0 BI B2 €0 Cl C2

Control factor

Fig. 3. The-larger-the-better S/N Graph for material removal
rate in electropolishing process
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TABLE V
OPTIMAL CONDITIONS FOR PARAMETERS
IN ELECTROPOLISHING PROCESS

Factor Level
A. Voltage (V) 10
B. NaCl concentration (wt. %) 15

C. Machining gap (cm) 1

I11.3. Effects of Voltage on Material Removal Rate

Pareto analysis of variance (ANOVA) has been
utilized to determine the influence rate of each
parameter. ANOVA analysis method is suitable for the
study due to its effectiveness in analyzing the results of
the design parameters.

Figure 4 shows the Pareto ANOVA of the material
removal rate for electropolishing process. The most
significant factor has been chosen from the left-hand side
of Pareto diagram, which is cumulatively around 90 % of
the total contribution. In addition, it can be seen that
applied voltage from DC power supply is significant
(90.5%) in order to obtain the highest material removal
rate.

The contribution of the voltage parameters in this
experiment has already exceeded 90% as shown in
Figure 3. Hence, it is clear that the voltage has a
recognizable impact in achieving high MRR. It has been
in agreement with Schubert et al. [34] and Qi et al. [35],
that higher voltages have produced higher material
removal since the voltage is required to energize the
electrolytic reactions.
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Fig. 4. Pareto ANOVA Analysis for material removal rate in
Electropolishing process

I11.4. Effects of Voltage on the Accuracy of the Channel

Applying voltages at different levels gives different
results in term of surface quality of the fabricated
microchannel.  The  fabricated  channel  from
electropolishing processed at 5 V shows that some parts
of the channel have not been fully etched, as shown in
Figures 5(a)-(c). When the output voltage has been
increased to 7 V, the channel of SS 316L sheet has been
completely etched without leaving any part of the metal
in the channel, as seen in Figures 5(d)-(f). Increasing the
applied voltage to 10 Volt has yielded different result.

The combinations of the applied voltage of 10 Volt
and the machining gap of 3 cm provide a relatively
accurate geometry channel, as shown in Figure 5(g).

However, when the machining gap has been reduced
to 1 cm and 2 cm at constant 10 V, the SS 316L sheets
have been entirely etched without leaving any part of it,
as shown in Figures 5(h)-(i). Figures 6 show the cross
sectional SEM images with different combinations of
machining parameters used in electropolishing of SS
316L sheet. As seen in Figures 6(a)-(c), using output
voltage of 5 V, the surface machined has not been flat

and coarse grains appear on its surface. This can be
explained because the voltage applied has not been
sufficient to etch completely the metal layer channel. The
number of coarse grains has reduced with the increase
level of voltage applied, which is 7 V, as shown in
Figures 6(d)-(f). High quality surface has been produced
at applied voltage of 7V, NaCl concentration of 7 wt. %
and machining gap at 3 cm, as can be seen in Figure 6(g).

Employing output voltage of 10V with NaCl
concentration of 10 wt. % and 15 wt. % combined with
machining gap at 1 cm and 2 cm, coarse grains and hills
has appeared along in the middle of the surface
machined, as seen in Figures 6(h)-(i). The possible cause
of this "peak” line is because the removal of material has
come fast from two directions, leaving a wavy surface on
the processed sheet.

I11.5. Effects of Machining Gap
on Material Removal Rate

Figure 4 reveals that the distance of the machining gap
is the least significant factor (5.1%) in increasing
material removal rate. Therefore, even at the smallest
machining gap of 1 cm, some parts of the channel have
not been completely etched, as shown in Figure 5(c).

Furthermore, the wall surface produced on SS 316L
microchannel is not smooth and not uniformly processed.

The same trends have been found out by Schubert et
al. [34] and Natsu et al. [36] where larger working gaps
have reduced material removal rate, and at small working
gaps, the machining accuracy has decreased.

I11.6. Effects of NaCl Concentration
on Material Removal Rate

Figure 4 shows that the concentration of NaCl is
insignificant (4.4%) to increase the material removal rate.

@)

(h) 0]

Figs. 5 Combination of machining parameters used in electropolishing of SS 316L metal layer (a) 5 V, 7 wt.%, 1 cm; (b) 5V, 10 wt.%, 2 cm; () 5 V,
15wt.%, 3cm; (d) 7V, 7 wt.%, 2 cm; (e) 7 V, 10 wt.%, 3 cm; (f) 7 V, 15 wt.%, 1 cm; (g) 10 V, 7 wt.%, 3 cm; (h) 10 V, 10 wt.%, 1 cm; (i) 10 V, 15
wt.%, 2 cm
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Figs. 6. Cross section SEM images of different combination of machining parameters used in electropolishing of SS 316L metal layer (a) 5 V, 7 wt.%,
1cm; (b) 5V, 10 wt.%, 2 cm; () 5V, 15 wt.%, 3cm; (d) 7 V, 7 wt.%, 2 cm; (e) 7 V, 10 wt.%, 3 cm; (f) 7 V, 15 wt.%, 1 cm; (g) 10 V, 7 wt.%, 3 cm;
(h) 10 V, 10 wt.%, 1 cm; (i) 10 V, 15 wt.%, 2 cm

At the highest concentration of NaCl used, which is 15
wt.%, some parts of the channel which should have been
etched within 7 minutes, still remain, as shown in Figure
5(c). This is in agreement with Speidel et al. [37], where
the increase of the concentration of sodium chloride has
resulted in higher material removal rate due to higher
conductivity and therefore higher current at constant
voltage. This is due to the fact that variations in the
concentration of NaCl solution used in this study have
been too low to give a remarkable impact in removing
the material from the SS 316L sheet. The variation of
NaCl concentration used also has no significant effect on
producing high surface quality channel. Figure 5(a)
shows that NaCl solution of 7 wt. % has produced
surface with coarse grains. The same results occur when
employing NaCl solution of 15 wt. %, where some grains
appear on the surface. This result is in accordance with
the research conducted by Nufiez et al. [38], where the
variation of electrolyte concentration had no significant
effect on the surface quality produced.

1\VV. Conclusion

In this study, the optimization of machining
parameters in electropolishing process for the fabrication
of SS 316L microchannel has been successfully
demonstrated. The effects of applied voltage, NaCl
concentration, and machining gap on material removal
rate have been investigated. Using Taguchi's L9

Orthogonal  arrays  for  experimental  design,
electropolishing process has been carried out in
fabricating microchannel on SS 316L sheet. The

parameters of interest have been applied voltage, NaCl
concentration, and machining gap. Taguchi’s signal-to-
noise ratios have been calculated in order to obtain
optimum machining parameters for material removal
rate. Analysis of Variance (ANOVA) has been used to
determine any statistically significant machining
parameter. The optimum parameters obtained for
achieving maximum material removal rate are voltage of
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10 V, machining gap of 1 cm, and NaCl concentration of
15%. For having better surface, quality and geometrical
accuracies have been found to be voltage of 7 V, NaCl
concentration of 7 % and machining gap of 3 cm.

This study has comprehensively shown that
electropolishing process has high potential to machine
advanced metallic alloys with a labyrinthine pattern due
to the absences of thermal defects and its capabilities to
fabricate  complex  micro-shape.  Moreover, in
electropolishing, high surface quality and precision
material removal can be obtained by power source,
machining gap and concentration of electrolyte.
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