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ABSTRACT

The electrochemical, grinding (ECG) process, as a hybrid technique combining mechanical abrasion and
anodic dissolution, offers an efficient approach for improving surface quality and minimizing thermal damage
in hard-to-machine steels, particularly.AlSI 304 stainless steel. However, the surface roughness and porosity in
this process are strongly affected‘by operating conditions, exhibiting inherently nonlinear behavior. In this
study, a dedicated experimental setup was)designed and developed to investigate the effects of three key
parameters: electrolyte concentration (20-180 g/L), applied voltage (5-25 V), and wheel rotational speed (500-
2500 rpm). Surface roughness was ‘measured using a laser profilometer, while porosity was quantified through
image analysis in ImageJ software. Results indicated that increasing electrolyte concentration gradually
reduced surface roughness from approximately 15.t0'4 pm, while porosity increased from 1.2% to over 5%.
Moreover, voltage variation exhibited a nonlinear trend, and an optimal balance between roughness and
porosity was achieved within the range of 10-15 Va=Higher voltages led to excessive corrosion and loss of
surface uniformity. Increasing wheel speed up to around 1500 rpm.also resulted in a moderate improvement in
surface finish. Overall, the combination of 180 g/L electrolyte concentration and 15 V applied voltage was

identified as the optimal condition for producing a smooth surface with«¢ontrolled porosity.
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1. Introduction

AISI 304 austenitic stainless steel is widely used in
biomedical, chemical, food, and energy industries
because. of its corrosion resistance, toughness,
formability, and manufacturability. Nevertheless, its
service performance is strongly influenced by surface
integrity, _including roughness, residual stresses,
contamination, and localized defects, which affect wear,
fatigue, coating adhesion, and pitting corrosion [1,2].
Conventional grinding can improve dimensional
accuracyybut high contact stresses and localized heating
may generate burns, tensile residual stresses,
microcracks, and microstructural damage.
Electrochemical” grinding (ECG) reduces these
limitations by combining™ anodic dissolution with
limited mechanical abrasion; the workpiece acts as the
anode, while the conductive grinding wheel serves as
the cathode. Process variables such™ as -electrolyte
conditions, voltage, current density; and wheel motion
significantly control material¢ removal and« surface
quality [3,4]. Since conventional Ra measurements
cannot fully describe three-dimensional surface
topography, the areal parameter Sa and,surface porosity
should be evaluated together for a ‘more reliable
assessment of surface integrity [5].Accordingly, the
objective of the present study was to evaluate the effects
of electrolyte concentration, applied voltages and
grinding-wheel rotational speed on both Sa and surface
porosity during ECG of AISI 304 stainless steel. The
principal contribution of the study is the concurrent
evaluation of these two complementary indicators and
the interpretation of their changes in terms of the
balance between anodic dissolution and mechanical
abrasion.

2. Methodology

A laboratory-scale electrochemical grinding system was
designed and fabricated, comprising a conductive
grinding wheel, adjustable DC power supply, electrolyte
circulation unit, drive mechanism, and electrically
insulated workpiece fixture (Figure 1). A 120-mm-
diameter cup-shaped Tyrolit wheel containing 125-grit
aluminium oxide abrasives and a conductive metal bond
was used. Approximately 90% of the wheel structure
was conductive material and 10% abrasive particles,
enabling simultaneous anodic dissolution and limited
mechanical removal of the passive film. The AISI 304
workpiece served as the anode, while the grinding
wheel acted as the cathode. NaCl electrolyte was
supplied to the contact zone at 5 L/min through a 5-mm
nozzle.

DC motor

Figure 1. Main components of the electrochemical grinding
apparatus used in the experimental investigation

Rectangular specimens measuring 6 x 6 x 60 mm were
polished to 800 grit, ultrasonically cleaned in ethanol,
rinsed, and dried. Electrolyte concentration, voltage, and
wheel speed were investigated at five levels (Table 1),
while feed rate, temperature, depth of cut, and contact
length were fixed at 10 mm/min, 25 °C, 0.1 mm, and 6
mm, respectively.

Table 1. Main electrochemical grinding parameters and
their experimental levels

Process experimental levels
Parameter ) 1 0 +1 +2
Electrolyte

10 15 20 25
Voltage (V)
Motor
otor - Speed 500 1000 1500 2000 2500
(rpm)
Electrolyte
Concentration 20 60 100 140 180
(g/L)

3. Results and Disclission

The experimental <results showed that the surface
integrity of AAISI 304, stainless steel during
electrochemical grinding.was governed by the combined
effects of electrolyte concentration, applied voltage, and
grinding-wheel speed. The analysis of variance
indicated that electrolyte’ concentration was the
dominant linear factor “affecting”the three-dimensional
surface roughness, Sa, with a contribution of 58.21%.
The corresponding contributions of voltage and
rotational speed were 9.40% and 2.00%; respectively.
The fitted response-surface model «exhibited/a high
coefficient of determination (R2 = 99.72%), confirming
its suitability for describing the experimental data.
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Figure 2. Effects of electrolyte concentration on (a) surface
roughness,(Sa) and (b) porosity of AISI 304 steel..

As shown in Figure 2(a,b), increasing the NaCl
concentration from 20 to 180 g/L reduced Sa from 14.84
pm to 431 pme This improvement was attributed to
increased electrolyte conductivity and more uniform
anodic dissolution, which enhanced the removal of
surface asperities. «However, the surface porosity
increased from 1.304% “to 4.875% over the same
concentration range. Therefore,« higher electrolyte
concentration improved surface smoothness but
simultaneously promoted localized dissolution and pore
formation.
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Figure 3. Effects of voltage on (a) surface roughness (Sa) and
(b) porosity of AISI 304 steel.

Applied voltage produced a nonlinear effect, as
illustrated in Figure 3(a,b). At 5V, Sa was 12.00 pm,
whereas increasing the voltage to 15 V considerably
improved the surface finish. At the central condition of
100 g/L electrolyte concentration and 1500 rpm,
repeated tests at 15 V produced Sa values between 4.96
and 5.42 um. Increasing the voltage to 25 V raised Sa to
7.43 pm, indicating that excessive anodic dissolution
and local over-etching reduced surface uniformity.
Porosity generally increased at intermediate voltage
levels but decreased at 25 V, where a value of 1.459%
was recorded.
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Figure 4. Effects of grinding-wheel rotational speed on (a)
surface roughness (Sa) and (b) porosity of AISI 304 steel.

Wheel speed had a smaller direct effect than
concentration and voltage. According to Figure 4(a,b),
increasing speed from 500 rpm to the intermediate range

improved electrolyte renewal and reduced Sa. At 500
rpm, Sa was 9.00 um, while at 2500 rpm it was 6.80
pm. Surface porosity was lower at the minimum speed
(1.443%) and increased at intermediate speeds, where
the interaction between passive-film removal and anodic
dissolution was more effective. At higher speeds,
centrifugal forces limited electrolyte penetration into the
contact zone and reduced further improvement.

4. Conclusions

Electrolyte concentration, applied voltage, and grinding-
wheel speed significantly influenced the surface
integrity of AISI 304 stainless steel during
electrochemical grinding. Electrolyte concentration was
the dominant factor affecting Sa. Increasing NaCl
concentration from 20 to 180 g/L reduced Sa from
approximately 15 to 4 pm, while increasing surface
porosity from about 1.3% to nearly 5%. Intermediate
voltages improved surface smoothness, whereas higher
voltages caused localized over-etching and reduced
uniformity. Increasing wheel speed up to 1500 rpm
enhanced electrolyte renewal and surface finish, but
higher speeds restricted electrolyte penetration. The
most favorable condition was 180 g/L NaCl, 15 V, and
1500 rpm. These findings confirm that simultaneous
evaluation of Sa and porosity provides a more reliable
assessment of ECG-induced surface integrity than
roughness alone.
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Figure 1. Components of the electrochemical grinding apparatus used in the experimental tests.
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Figure 2. (a) Positioning of the specimen in the fixture and (b) AISI 304 blocks used to investigate
the electrochemical grinding process.
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Table 1. Main electrochemical grinding process parameters and their corresponding levels.
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Figure 3. Kahroba LPM-L1 laser profilometer.
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Figure 4. Representative three-dimensional surface maps of AISI 304 stainless steel acquired using a laser
profilometer:
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Figure 5. Example of image processing in ImageJ for determining surface porosity: (a) pore
identification and (b) binary‘image after thresholding and pore-area calculation.
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Table 2. Experimental design matrix and corresponding response parameters
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Table v. Analysis of variance (ANOVA) for Sa in electrochemical grinding (ECG).
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Figure 6. Effect of electrolyte concentration on (a) areal surface roughness (Sa) and (b) surface porosity of AISI 304
stainless steel during electrochemical grinding.
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Figure 7. Effect of applied voltage on (a) areal surface roughness (Sa)‘and (b) surface porosity of AISI 304 stainless steel
during electrochemical grinding:
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Figure 8. Effect of grinding-wheelsrotational speed on (a) areal surface roughness (Sa) and (b) surface porosity of AlISI
304 stainless.steel during electrochemical grinding.
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Evaluation of Surface Integrity of AISI 304 in
Electrochemical Grinding through Simultaneous Analysis
of Surface Roughness and Porosity
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ABSTRACT

Electrochemical grinding,«which combines mechanical abrasion with anodic dissolution, is an effective method for
improving surface quality and reducing thermal damage in difficult-to-machine materials such as AIS1 304 stainless
steel. In this study, the effects of electrolyte eoncentration ranging from 20 to 180 g/L, applied voltage from 5 to 25
V, and grinding-wheel rotational speed from 500 to 2500 rpm on surface roughness and porosity were investigated.
A dedicated experimental setup was developed, and surface roughness and porosity percentage were measured using
a laser profilometer and ImageJ software, respectively. The results showed that increasing the electrolyte
concentration reduced surface roughness from approximately 15 pm to nearly 4 pm, while increasing porosity from
1.2% to more than 5%. Voltage exhibited a nonlinear: effect, with the most favorable balance between surface
smoothness and porosity obtained within the range of 10-15 V. At higher voltages, however, excessive corrosion
reduced surface uniformity. Increasing the rotational speed.to approximately 1500 rpm improved surface
smoothness, whereas at higher speeds, the predominance’of mechanical effects and restricted electrolyte action within
the contact zone reduced process efficiency. Overall, an electrolyte cancentration of 180 g/L and a voltage of 15 V
provided suitable conditions for achieving a smooth surface with'controlled porosity. These findings demonstrate the
necessity of simultaneously evaluating surface roughness and porosity to optimize surface integrity.

Keywords: Electrochemical grinding (ECG), AISI 304 stainless/steel, Surface Integrity, surface roughness, surface
porosity
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