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Abstract: In order to further study the Magnetic Abrasive Finishing with Electrolytic (EMAF) Process,
we attempted to use rectangular wave pulse voltage for EMAF processing of SUS304 stainless steel,
and the finishing characteristics were analyzed based on the experimental results in this paper. The
EMAF process has been studied for years, but the study of Magnetic Abrasive Finishing with the.
Pulse Electrolytic (P-EMAF) process has not been published. Therefore, in this study, the finishing
characteristics of the P-EMAF process corresponding to different frequencies (1 Hz, 10 Hz, 100 Hz,
1 kHz) and duty ratios (25%, 50%, 75%) are explored. The evaluation of the P-EMAF processing
includes the surface roughness (SR) and the amount of material removal (MR); the surface of the
workpiece was also observed by an optical microscope before and after processing. After analyzing
the experimental results of P-EMAF processing, a set of comparative experiments between P-EMAF
processing and MAF processing was carried out. In this study, when the Urms 6 V pulse voltage
of rectangular wave with 1 Hz and duty ratio 50% was used, a better processing result could be
obtained. The processing efficiency of the P-EMAF process was also higher than that of the MAF
process under the same experimental conditions.

Keywords: pulse voltage; EMAF; MAF; precision finishing; surface roughness

1. Introduction

Precision parts with high surface quality have played an important role in the de-
velopment of science and technology. Magnetic Abrasive Finishing (MAF) was proposed
in order to improve the precision of workpiece surfaces, which is difficult for finishing
by traditional grinding process [1,2]. The finishing tool magnetic brush is composed of
magnetic particles attracting each other in the magnetic field. Therefore, the magnetic brush
is a flexible finishing tool, and the magnetic particles can move against each other against
attractive forces. With sufficient magnetic force, the magnetic brush can be formed between
the surfaces of the complex shape workpiece and the magnetic pole [3,4]. Due to this
feature, fine-grained magnetic particles and abrasives can be used to finish the tiny surface,
which is difficult to process by traditional technology. In addition, the magnetic field has
penetrating properties, and a magnetic brush can be formed in the cavity of a workpiece.
Therefore, the MAF process can be used to finish the inner cavity of workpiece [5–7]. Due to
the advantages of the magnetic finishing tool, the MAF process is widely used in industrial
fields that require precision finishing [1–8]. However, the flexible magnetic finishing tool
also has disadvantages—insufficient finishing efficiency is one of the factors that affect its
large-scale promotion. In order to improve finishing efficiency and retain the precision
finishing characteristics of the MAF process, the magnetic abrasive finishing combined
with the electrolytic (EMAF) process was proposed [9].
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The proposal of the EMAF process aims to maximize the processing advantages of
the MAF and electrolytic processes. For example, both processes belong to non-traditional
machining technology, and both can be used to process special-shaped surfaces. Taking
advantage of the processing characteristics of electrochemical dissolution of the electrolytic
process, the processing efficiency is related to the current density in the electrolyte and has
nothing to do with the strength and toughness of the material itself [10–14]. However, the
processing accuracy of the electrolytic process is insufficient, the discharge area is difficult
to accurately control, and the processed surface is prone to pitting corrosion which in turn
affects the surface quality [15–17]. Therefore, if the high precision finishing characteristics
of the MAF process are combined with the high efficiency of the electrolytic process, an
efficient and high-precision surface finishing process will be obtained. At the same time,
the processing advantages are used to complement the processing disadvantages in the
EMAF process. In order to make the EMAF process be widely used, after exploring the
machining characteristics of SUS304 stainless steel [18], the feasibility of using the EMAF
process to finish the surface of aluminum alloy A5052 was proved [19].

In order to further study the processing characteristics of the EMAF process, pulse
voltage was considered being used for EMAF processing in this study. Based on the princi-
ples of pulse electrolysis, it was confirmed to achieve high precision and superior surface
quality in pulse electrochemical machining [20,21]. However, the study using pulse voltage
for EMAF processing was not published. Thus, this paper aims to explore the feasibility of
Magnetic Abrasive Finishing with the Pulse Electrolytic Process (P-EMAF) for the finishing
of SUS 304 stainless steel plates, and based on the analysis of the experimental results,
the machining mechanism is discussed. Furthermore, another verification experiment is
designed to verify the previous inference.

2. Processing Principle
2.1. Principle of EMAF Process

The EMAF processing principle is shown in Figure 1. During the processing, the
workpiece and the compound processing tool are connected to the anode and cathode of
the power supply, respectively. The compound processing tool consists of four magnetic
poles (arranged in the same direction) and a cross electrode. During EMAF processing, both
the workpiece and the electrode surface are immersed in the electrolyte. The workpiece
surface is finished by the rotation of the compound processing tool and the horizontal
feed movement of the X-Y stage. The voltage and current values during processing are
displayed by an oscilloscope or data logger, and the electrolyte temperature is measured by
a PT100 sensor.

During EMAF processing, the electrolytic process and the MAF processing act on the
workpiece surface at the same time as the electrode and the magnetic poles rotate together.
The electrolytic process that is compounded into the EMAF process is used to efficiently
flatten the surface protrusions, and the MAF process is used to further finish the surface of
the workpiece. The processing efficiency of the EMAF process is higher than the traditional
MAF process due to the processing efficiency of the electrolytic reaction, which is very
efficient and not affected by the hardness of the material [14,22]. Since the MAF process that
compounded into the EMAF process is mainly used to remove the passive film produced
by the electrolytic process and the final surface finishing, the characteristics of the EMAF
process not only retains the characteristic of high processing efficiency of the electrolytic
reaction but also retains the high finishing precision of the MAF process. In this study,
rectangular wave pulse voltage was used for P-EMAF processing.
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Figure 1. Schematic of EMAF processing principle.

During the P-EMAF processing, the amount of material removal of electrolytic reaction
is shown in Equation (1). In the Equation, m is the amount of material removal, η is the
current efficiency coefficient, I is the current value (A), t is the energization time (s), A is the
atomic weight, F is the faraday constant (96500C), and n is the valence of the electrolysis
product [23,24].

m = η
ItA
Fn

(g), (1)

2.2. Principle of Electrolysis in P-EMAF Process

In this study, neutral sodium nitrate aqueous solution is selected as the electrolyte.
When the pulse voltage is on high-level voltage (on time), the main electrolytic reactions
that occur during the P-EMAF process are shown in Equations (2) and (3), [25].

The main electrolytic reaction that occurs on the surface of the cathode:

2H+ + 2e− → H2↑, (2)

Metal dissolution reaction of workpiece (anode):

Me→Men+ + ne−, (3)

2.3. Principle of MAF Process

During MAF processing, the magnetic brush formed between the surfaces of the
magnetic pole bottom and the workpiece is used as a machining tool to finish the workpiece.
The magnetic force F experienced by a single iron powder in a magnetic field can be
decomposed into a force Fx (along the direction of the magnetic force) and Fy (along the
direction of the magnetic equipotential line), as shown in Equations (4) and (5) [26,27].

Fx = Vχµ0H(∂H/∂x), (4)

Fy = Vχµ0H(∂H/∂y), (5)
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where V is the volume of magnetic particles, χ is the magnetic susceptibility of magnetic
particles, µ0 is vacuum permeability, H is the magnetic field intensity, and ∂H/∂x and
∂H/∂y are the gradient of magnetic field intensity in x and y directions, respectively.

2.4. Root-Mean-Square Voltage in P-EMAF Processing

In a pulse period, the larger the pulse width (higher duty cycle), the longer the current
working time; therefore, Root-Mean-Square voltage (Urms) is used in this experiment when
exploring pulse voltages with different pulse widths. In this study, a rectangular wave was
selected to explore the feasibility of P-EMAF processing. The schema of the Urms of the
rectangular wave in this study is shown in Figure 2a and Equation (6), respectively [28,29].

Urms =

√
1
T

∫ T

0
u2t dt (6)

where T is a pulse period, τ is the pulse width of one pulse period, Um is the high-level
voltage, and Urms is Root-Mean-Square voltage.

Figure 2. The schematic and actual rectangular wave voltage. (a) schematic diagram; (b) measured
rectangular wave voltage when duty ratio is 25%; (c) measured rectangular wave voltage when duty
ratio is 50% and (d) measured rectangular wave voltage when duty ratio is 75%.
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In this study, the low-level voltage is 0 V and the pulse width (τ) is 1
4 T, 1

2 T, and 3
4 T,

respectively. According to Equation (6), when the τ is 1
4 T, 1

2 T, and 3
4 T, the relationship

between Urms and Um is shown in Equations (7)–(9), respectively.

Urms =
1
2

Um, τ =
1
4

T (7)

Urms =
1√
2

Um, τ =
1
2

T (8)

Urms =

√
3

2
Um, τ =

3
4

T (9)

According to Equations (7)–(9), using pulse voltage with a root-mean-square voltage
of 6 V, when the duty ratio is 25%, 50%, and 75%, the corresponding maximum voltage
Um is 12 V, 8.49 V, and 6.93 V, respectively. The measured values of the rectangular wave
voltage used for processing are shown in Figure 2b–d, respectively.

3. Experimental Setup and Compound Processing Tool
3.1. EMAF Processing Setup

In order to explore the processing characteristics of the P-EMAF process, the experi-
mental setup was modified to enable P-EMAF processing. The P-EMAF External view of
the experimental setup is shown in Figure 3. The processing area mainly contains the verti-
cal milling machine, X-Y stage, compound processing tool, and Pt100 sensor. The start and
stop of the spindle rotation and the stop of the X-Y stage are controlled by a single-chip mi-
crocomputer and its attached drive circuit. In addition, the output voltage of the DC power
supply is controlled by the single-chip microcomputer and a Frequency–Voltage conversion
module. The output waveform of the AC power supply is programmed by a computer,
and the frequency and maximum voltage are achieved by setting the power supply. In
addition, by programming the single-chip microcomputer, the processing requirements of
different stages are met and the semi-automatic processing is realized.

Figure 3. External view of experimental setup.
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3.2. Schematic of EMAF Processing Set Up

The schema of the EMAF setup is shown in Figure 4. As shown in the schematic
diagram, the drive, and control device mainly integrate control modules such as a single-
chip microcomputer, drive, relay, frequency to voltage conversion module, and programmer
of X-Y stage, etc. The start and stop of the spindle, the stop of the X-Y stage, voltage
output of DC-power supply, and ON/OFF of the AC-power supply are controlled during
the processing by program. Because pulse voltage is used for P-EMAF processing, the
high-frequency range that cannot be recorded by a data logger, the pulse voltage and
current are displayed by a dual-channel oscilloscope. The temperature of the electrolyte
during processing is monitored by a PT100 temperature sensor, and the temperature
value is displayed by the indicator and recorded by the data logger. By compiling the
program, the processing requirements of different stages can be controlled by a single-chip
microcomputer.

Figure 4. Schematic of P-EMAF processing set up.

3.3. Simulation of Magnetic Induction

The simulation results are shown in Figure 5. The software of MagNet (64-bit Version
2020.2.0.209) is used for the magnetic induction simulation in this study, and the results
are mainly used to investigate the distribution of magnetic induction on the surface of
processing tools and the workpiece. Since the different magnetic induction intensity will
affect the shape of the magnetic brush and the finishing pressure, the reasonable design
and layout of the compounded processing tool can be preliminarily determined based on
the simulation results.

The magnetic induction on the processing tool surface is shown in Figure 5a. It can be
seen from the simulation results that at the edges of magnetic poles the magnetic induction
is the largest. The magnetic induction is also slightly weaker on the middle part of the
magnetic pole surface. The magnetic induction outside the magnetic pole debilitates rapidly.
If the magnetic induction is not strong enough, the magnetic brush will not provide enough
finishing pressure. Figure 5b shows the magnetic induction on the workpiece surface when
the working gap is 1 mm. It can be seen from the simulation results that the magnetic
induction on the workpiece surface is obviously weaker than that on the processing tool
surface. According to Equations (4) and (5), the finishing pressure provided by the magnetic
brush is greater when it is closer to the processing tool.
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Figure 5. Simulation of magnetic induction. (a) magnetic induction on the surface of processing tools;
(b) magnetic induction on the surface of the workpiece (working gap 1 mm); (c) mesh of magnetic
pole and electrode; (d) mesh of workpiece.

The mesh structure of the magnetic poles and electrode is shown in Figure 5c. The
mesh size of the magnetic pole is 0.5 mm. Because the copper electrode is a non-magnetic
material, it basically has no effect on the magnetic field distribution, and the mesh size is
set to 1 mm. Figure 5d shows the mesh structure of the workpiece, and the mesh size is
0.5 mm.

4. Experimental Conditions and Results

The feasibility of finishing SUS304 stainless steel and aluminum alloy A5052 by EMAF
processing using the DC voltage has been proven [9,19]. After the EMAF processing mecha-
nism of finishing SUS304 stainless steel has been further studied [18], the excessive amount
of iron powder that can cause the occurrence of short circuits was clarified. When the
working gap is 1mm, the limit amount of iron powder is 0.6 g. Neutral electrolyte (NaNO3)
was selected as the electrolyte and SUS 304 stainless steel plane plate was selected as the
workpiece. Based on the experimental results, the feasibility and finishing performance
under different experimental conditions of P-EMAF processing are analyzed in this part.

4.1. MAF Experimental Conditions and Results

The surface roughness value is measured by the needle roughness tester (Mitutoyo
SV-624-3D). The surface morphology observation before and after finishing by metallur-



J. Manuf. Mater. Process. 2022, 6, 14 8 of 19

gical microscope (OLYMPUS BX51M) and the photos were recorded by a digital camera
(SONY BX100).

The measurement area is shown in Figure 6, and the white part is the processing
area. The measurement area of the surface roughness value is between two vertical red
double-dotted lines. The measurement start position starts from the red double-dotted
line on the left. The measurement direction of the surface roughness is along the black
double-dotted line. There are three measurement positions, which are the centerline along
the finishing feed direction and the centerline offset by ±10 mm. The average value is used
as the final result. The surface observation position is shown in the blue area in the figure.
There are three observation positions; in this paper, the surface topography of position two
is used for analysis.

Figure 6. Surface roughness and topography measurement location.

The MAF process plays an important role in removing the passive film and reducing
the surface roughness during EMAF processing. If the finishing capacity of the MAF process
is not enough, the passive film will remain on the surface of the workpiece, which will cause
an uneven surface. Therefore, it is very important to explore the finishing characteristics
of the MAF process before determining the compound processing parameters. The MAF
experimental conditions are shown in Table 1. Electrolytic iron powders of 330 µm were
selected as magnetic particles, and the amount of iron powder is 0.6 g, and the finishing
time of each stage is 10 min. WA#6000, WA#8000, WA#10000, and WA#20000 were selected
as abrasives, respectively.

Table 1. Experimental conditions of MAF process.

Item Experimental Conditions

Workpiece SUS 304 stainless steel plane (100 × 100 × 1 mm)
Electrolytic iron powders 330 µm, 0.6 g

Abrasives particles WA#6000, WA#8000, WA#10000, WA#20000
Cutting fluid Oily
Working gap 1 mm

Stage feed speed 5 mm/s
Tool rotation speed 450 rpm

Processing time 10 min/stage

The results of the MAF experiment when using 330-micrometer electrolytic iron
powder are shown in Figure 7. When the 330-micrometer electrolytic iron powder is used
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for MAF processing, all four types of abrasive have the largest change rate of surface
roughness value in the first stage. From the second stage, the change rate of surface
roughness value slows down. From the surface roughness value of each stage, the surface
roughness value change law of WA#8000 and WA#20000 types of abrasive is relatively close.
The WA#6000 and WA#10000 types of abrasive have a relatively close surface roughness
value. However, the difference in average surface roughness values of the four abrasives
after finishing is not large. Moreover, after 40 min of finishing, the final surface roughness
values of the four types of abrasives are close to each other.

Figure 7. MAF process experimental results (330 µm electrolytic iron powder).

From the experimental results of material removal, WA#6000 type has the highest
material removal rate, followed by WA#8000, and WA#10000 is less than WA#8000. Among
the four types of abrasives, the WA#20000 abrasives have the lowest material removal rate.
In addition, as the finishing progresses, the difference in the material removal of the four
types of abrasive becomes larger.

In order to understand the surface changes before and after finishing more intuitively,
an optical microscope was used to observe the workpiece surface before and after finishing,
the results of which are shown in Figure 8.

Figure 8 shows the surface morphology measured at position two before and after
different stages of finishing. From the surface morphologies, the surface before finishing is
relatively rough, and deep and shallow grooves exist. When the WA#6000 abrasive is used
for MAF processing, only the finishing scratches and a deep groove remained after the
first stage of MAF processing. After the second stage of finishing, there are only finishing
scratches remaining on the surface. Because the particle size of the WA#6000 abrasive is
relatively large, the processing traces are relatively rough. When the WA#8000 abrasive is
used, after the second stage of finishing, only a few deep grooves remained on the surface,
and the finishing scratches became smooth—smoother than when the WA#6000 abrasive is
used. When the WA#10000 abrasive is used, as finishing progresses, the surface will become
smoother; the deep grooves on the surface cannot completely be removed until the fourth
stage of finishing, but they are not obvious. When the WA#20000 abrasive is used, the
deep grooves remain on the surface and cannot be completely removed after the four-stage
finishing, and the deep grooves are still obvious. Except for the remaining deep grooves,
the surface becomes smooth, and the finishing traces are shallower than other types of
abrasives. Based on the experimental results of surface roughness, material removal, and
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surface morphology, the type of WA#8000 abrasive is selected for the following P-EMAF
processing.

Figure 8. Surface morphology before and after finishing.

4.2. P-EMAF Experimental Conditions and Results

The P-EMAF experimental conditions are shown in Table 2. In the previous study, the
maximum amount of iron powder is 0.6g when the working gap is 1mm [11,12]. However,
with the use of the compound processing tool, the surface of the magnetic pole will be
worn, and the damage of the surface will affect the change of the magnetic field strength.
Therefore, in order to avoid short-circuiting during processing and according to the current
status of the compound processing tool, the amount of iron powder is reduced to 0.5 g.
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Table 2. EMAF experimental conditions.

Item Experimental Conditions

Workpiece SUS 304 stainless steel plane (100 × 100 × 1 mm)
Electrolytic iron powders 330 µm, 0.5 g

Abrasives particles WA#8000

Cutting fluid Water soluble (EMAF),
Oily (MAF)

Electrolyte NaNO3 20% wt
Root-mean-square voltage Urms = 6 V

Voltage waveform Rectangular wave
Duty ratio 25%, 50%, 75%

High-level voltage (Um)
Duty ratio: 25%, Um = 12 V

Duty ratio: 50%, Um = 8.49 V
Duty ratio: 75%, Um = 6.93 V

Low-level voltage 0 V
Frequency 1 Hz, 10 Hz, 100 Hz, 1 kHz

Working gap 1 mm
Stage feed speed 5 mm/s

Tool rotation speed 450 rpm
Processing time P-EMAF (2 min) + MAF (8 min)

The whole process is divided into two two-minute P-EMAF processing and eight-
minute MAF processing. The purpose of the first two-minute P-EMAF process is rapid
flattening surface and preliminary finishing. In the next eight min, MAF processing is
mainly used to remove the electrolysis products remaining on the surface and to further
finish the surface.

When the rectangular wave pulse voltage frequency is 1 Hz, the corresponding experi-
mental results of different duty ratios are shown in Figure 9. From the experimental results,
it can be seen that after two min of P-EMAF processing, the highest amount of material
removal was obtained by using pulse voltage with a 1Hz duty cycle of 25% compared to
pulse voltages with a duty ratio of 50% and 75%. At the same time, the surface roughness
value corresponds to a duty ratio of 75% and 50% is better than that of duty ratio 25%
because when the duty ratio is 25%, the amount of material removed is larger and the
electrolysis reaction is too violent, resulting in uneven electrochemical corrosion.

Figure 9. Experimental results when frequency is 1 Hz.

After finishing the eight-minute MAF process, a relatively smooth surface is obtained.
The final experimental results show that when the frequency is 1 Hz, the duty ratio is
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25%, 50%, and 75%, the corresponding surface roughness value and material removal
amount are Ra 45 nm and 49.34 mg, Ra 35 nm and 35.5 mg, and Ra 35.7 nm and 36.51 mg,
respectively.

The experimental results are shown in Figure 10, when the 10 Hz rectangular wave
pulse voltage with a duty ratio of 25%, 50%, and 75% is used. From the amount of material
removal, it can be seen that after two min of P-EMAF processing, the highest material
removal rate was obtained by using pulse voltage with duty ratio of 25%, and it is obviously
higher than that of duty ratios of 50% and 75%. From the surface roughness, after eight-
minute MAF processing, the difference of the average surface roughness values under the
three conditions becomes smaller, and a relatively smooth surface is obtained. The final
experimental results show that when the frequency is 10 Hz, the duty ratio is 25%, 50%
and 75%, the corresponding surface roughness value and material removal amount is Ra
46.3 nm and 60.01 mg, Ra 41 nm and 38.18 mg, and Ra 37.3 nm and 34.72 mg, respectively.

Figure 10. Experimental results when frequency is 10 Hz.

Compared with the experimental results, when the frequency is 1 Hz, the final average
surface roughness value corresponding to the same duty ratio is better than that of 10 Hz.

When the frequency is increased to 100 Hz, the experimental results of different duty
ratios are shown in Figure 11. From the perspective of the change rate of the surface
roughness value, compared with the frequency of 1 Hz and 10 Hz, after the two-minute
P-EMAF processing, the decrease rate of average surface roughness value is obviously
slower. After two min of P-EMAF processing, the material removal corresponding to the
duty ratio of 25%, 50%, and 75% is 55.75 mg, 34.63 mg, and 29.82 mg, respectively.

The average surface roughness values after two-minute P-EMAF processing corre-
sponding to duty ratios of 25%, 50%, and 75% are Ra 225.3 nm, Ra 159.7 nm, and Ra 150 nm,
respectively. At the frequency of 100 Hz, the surface roughness value after two min of
P-EMAF processing is inferior to that of 1 Hz and 10 Hz. After 10 min of processing, the
average surface roughness value and material removal amount corresponding to the duty
ratio of 25%, 50%, and 75% is Ra 59.7 nm and 65.78 mg, Ra 41.7 nm and 41.98 mg, and Ra
54.7 nm and 37.95 mg, respectively.

In order to find out the reason for the surface deterioration, the surface morphology
observed after P-MAF processing was analyzed. The reason for the unsatisfactory surface
roughness value is presumed to be the occurrence of pitting corrosion after the P-EMAF
processing, as shown in Figure 12.
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Figure 11. Experimental results when frequency is 100 Hz.

Figure 12. Surface morphology after two-minute P-EMAF processing when frequency is 100 Hz.
(a) duty ratio of 25%; (b) duty ratio of 50%; (c) duty ratio of 75%.

It can be seen from the figure that when the frequency is 100 Hz, after two min of
P-EMAF processing, serious pitting corrosion appears. The occurrence of pitting corrosion
causes the surface to be rough, and excessive pitting is not conducive to sufficient surface
finishing by the MAF process. This also causes the final surface roughness value to be
worse than that at the frequency is 1 Hz and 10 Hz.

The experimental results are shown in Figure 13 when the frequency is 1 kHz. From
the amount of material removal, after two min of P-EMAF processing, the material removal
amount corresponding to the duty ratio of 25%, 50%, and 75% is 67.38 mg, 33.58 mg, and
20.79 mg, respectively. Based on the four sets of experimental results, when the duty ratio
is 25%, after two-minute P-EMAF processing, the order of material removal amount at
different frequencies from high to low is 1 kHz 67.38 mg, 100 Hz 55.75 mg, 10 Hz 51.83 mg,
and 1 Hz 40.85 mg. When the duty ratio is 50% and 75%, the order of the corresponding
material removal at different frequencies changes. When the duty ratio is 50%, after two-
minute P-EMAF processing the order of material removal from high to low is 100 Hz
34.63 mg, 1 kHz 33.58 mg, 10 Hz 29.52 mg, and 1 Hz 28.37 mg; when the duty ratio is 75%,
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the amount of material removal order is 100 Hz 29.82 mg, 1 Hz 28.29 mg, 10 Hz 26.94 mg,
and 1 kHz 20.79 mg.

Figure 13. Experimental results when frequency is 1 kHz.

Analyzing the experimental result of material removal amount, it can be found that
when the frequency is the same, the increase of the duty ratio corresponds to the decrease
of the amount of material removal by the P-EMAF processing. However, when the same
duty ratio is used for comparison, the order of material removal amount corresponding to
frequency will become disordered. This shows that in P-EMAF processing, the impedance
of electrolytic processing gap will change with the change of processing parameters be-
cause according to Equation (1), the amount of material removal is closely related to the
current density that flowing through the processing area, and the current is related to
the impedance of the processing gap. Therefore, during P-EMAF processing changes in
frequency and duty ratio will affect the amount of material removal, and excessively violent
electrolysis will cause uneven corrosion on the surface of the workpiece, thereby affecting
the surface quality.

In addition, since the magnetic brush is a conductor and is in contact with the surface
of the workpiece, the electrolytic reaction can also occur between the magnetic brush and
the electrode during EMAF processing. If so, the shape of the magnetic brush during EMAF
processing will also affect the effect of the electrolysis reaction on the workpiece.

4.3. Observation of Iron Powder before and after Processing

In order to prove that during EMAF processing, an electrolytic reaction also occurs
on the surface of electrolytic iron powder, cylindrical magnetically permeable stainless
steel particles are used as magnetic particles for EMAF processing, and the experimental
conditions are shown in Table 3.

In order to facilitate the observation, SUS 304 stainless steel columnar magnetic iron
powder was selected because the stainless steel iron powder will not be broken during
processing and the initial surface is smooth. Since the abrasive particles will remain on the
surface of the iron powder after processing and they are not easy to be completely cleaned,
which will affect the observation, the abrasive slurry was not used in this experiment.
During processing, electrolysis products are generated, so the iron powder was cleaned
with an ultrasonic cleaning machine before observation.
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Table 3. Experimental conditions for iron powder observation.

Item Experimental Conditions

Workpiece SUS 304 stainless steel plane (100 × 100 × 1 mm)

Electrolytic iron powders SUS 304 stainless steel columnar magnetic iron powder
300 µm, 0.5 g

Electrolyte NaNO3 20% wt
Processing voltage 8 V

Working gap 1 mm
Stage feed speed 5 mm/s

Tool rotation speed 450 rpm
Processing time 10 min

As shown in Figure 14, the iron powder before and after EMAF processing was
observed by Scanning Electron Microscope (SEM). As shown in Figure 14a, the edges of
the iron powder before processing are sharp; after processing, pitting appears on some
of the iron powder particles and the edges where the corrosion occurs are rounded and
small pits appear. This proves that during EMAF processing, the electrolytic reaction
acts on the surface of the workpiece and the surface of the iron powder of the magnetic
brush at the same time. Therefore, the shape of the magnetic brush will also affect the
electrolytic reaction during EMAF processing. For example, as the processing progresses,
the friction between the magnetic brush and the workpiece surface and the agitation of the
electrolyte will cause the shape of the magnetic brush to change, resulting in a change in
distance between the iron powder in the magnetic brush and the electrode. The change
of the distance will cause the change of the impedance between magnetic brush and
electrode, and the impedance determines whether the potential difference is sufficient for
the electrolysis reaction to occur. If the amount of iron powder is too much, it will cause
the iron powder to directly contact the electrode and cause a short circuit.

Figure 14. Observation of iron powder morphology before and after EMAF processing. (a) Before
EMAF processing; (b) After EMAF processing.

4.4. Comparison between P-EMAF Processing and MAF Processing

In order to further evaluate the processing performance of the P-EMAF process, the
MAF processing experiment was carried out under the same conditions, and the two
processes were analyzed and compared. The experimental conditions of MAF are shown in
Table 4.
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Table 4. MAF experimental conditions.

Item Experimental Conditions

Workpiece SUS 304 stainless steel plane (100 × 100 × 1 mm)
Electrolytic iron powders 330 µm, 0.5 g

Abrasives particles WA#8000

Cutting fluid Water soluble (Type 1: EMAF processing conditions),
Oily (Type 2: traditional MAF processing conditions)

Electrolyte NaNO3 20% wt (Type 1: EMAF processing conditions)
Working gap 1 mm

Stage feed speed 5 mm/s
Tool rotation speed 450 rpm

Processing time 10 min

The MAF experiment is divided into two types; type one is under the conditions of
EMAF processing, the workpiece and the processing tools are immersed in the electrolyte,
and the water-based cutting fluid is used at these conditions; type two is the traditional
MAF processing conditions, at this time there is no electrolyte, and oily cutting fluid is used.

Because the optimal surface roughness value appears when the frequency is 1 Hz
and the duty ratio is 50%, P-EMAF processing of a frequency of 1 Hz with duty ratios of
25%, 50%, and 75% were used to be compared with the MAF processing under the two
experimental conditions. The experimental results are shown in Figure 15. Firstly, from the
experimental results, comparing the MAF processing under the two conditions, it can be
seen that under the EMAF processing conditions, both the average surface roughness value
and the amount of material removal are inferior to the MAF processing under traditional
conditions. Therefore, it can be inferred that the processing performance of the MAF
process is affected by the electrolyte because the electrolyte is agitated by the rotating
composite processing tool during processing, which will cause the abrasive particles to be
dispersed in the electrolyte, thereby affecting processing efficiency.

Figure 15. P-EMAF processing and MAF processing comparison experimental results.

Then, comparing MAF processing with P-EMAF processing, it can be seen that after
two-minute P-EMAF and eight-minute MAF processing, the surface roughness value and
material removal are better than that of traditional MAF processing because the two-
minute P-EMAF processing in the early stage accelerates the flattening of the surface of the
workpiece and is conducive to the MAF processing in the later stage.
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The 3D surface topography pictures are shown in Figure 16. When the frequency
of the rectangular wave pulse voltage is 1 Hz, the duty ratio is 50%. It can be seen from
Figure 16a that there are deep grooves on the surface before processing. After two-minute
P-EMAF processing, the surface becomes flat, and after eight min MAF processing, the
surface becomes smooth. After 10 min of MAF processing, there will be deeper grooves
remaining on the surface, as shown in Figure 16b,c.

Figure 16. 3D surface topography before and after finishing. (a) P-EMAF processing; (b) traditional
MAF processing; (c) MAF processing under EMAF processing experimental conditions.

5. Discussion

Through a series of exploratory experiments, the feasibility of using the P-EMAF
process to finish the surface of a SUS 304 stainless steel plane plate was proved. Additionally,
the processing efficiency of the P-EMAF process was shown to be higher than that of
the MAF process. Moreover, through further analysis of experimental phenomena and
results, the EMAF processing mechanism was further clarified. By observing the shape
of iron powder before and after processing, the electrolytic reaction also acting on the
iron powder in the magnetic brush during EMAF processing was confirmed. Finally, by
analyzing the experimental data under different frequencies and duty ratios during P-
EMAF processing, the influencing factors of the impedance in the electrolytic processing
gap of P-EMAF processing include controllable factors such as frequency and duty ratio, as
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well as the uncontrollable factors such as electrolysis products, gas, and magnetic brush
shape generated during processing.

6. Conclusions

After a series of exploratory experiments to investigate the finishing characteristics for
finishing SUS 304 stainless steel by P-EMAF process, the conclusions are as follows:

1. Through a series of exploratory experiments, it is proved that the compound process-
ing tool (four magnetic poles arranged in the same direction and a cross electrode)
can be used for the finishing of SUS 304 stainless steel by the P-EMAF process.

2. In this study, compared with the traditional MAF process under the same experimental
conditions, the P-EMAF process can obtain better surface roughness values and a
higher material removal amount.

3. In this experiment, during EMAF processing, the electrolytic reaction not only occurs
between the workpiece surface and the electrode but also occurs between the iron
powder in the magnetic brush and the electrode.

4. In this study, the best experimental condition is the Urms 6 V pulse voltage (rectangular
wave) with 1 Hz and duty ratio of 50% is used for P-EMAF processing, and the NaNO3
aqueous solution concentration is 20% wt.
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