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Abstract: The magnetic abrasive finishing combined with electrolytic (EMAF) process was proposed
to improve the finishing efficiency of the traditional magnetic abrasive finishing (MAF) process.
Since the EMAF process contains electrolysis reactions, the machining mechanism of processing
different metal is different. In this paper, a series of experiments were conducted to explore the
feasibility of using the compound processing tool to finish aluminum alloy A5052, and to preliminary
explore the machining mechanism. Surface roughness and material removal are used to evaluate
the finishing effect and the finishing efficiency, respectively. The EMAF processing current curve
is used to evaluate and analyze the EMAF process. The feasibility of the EMAF processing is
proved by the analysis of simulations and the experimental results. Finally, through a series of
exploration experiments and parameter optimization experiments, the main conclusions are as
follows: (1) Compared with the traditional MAF process, when finishing the surface of aluminum
alloy A5052 by the same compound processing tool and at the same experimental conditions (except
the electrolysis conditions), the EMAF process, which includes electrolysis reactions, can achieve
higher finishing efficiency. (2) In this study, when the working gap is 1 mm and the concentration of
NaNO3 solution is 15%, the recommended processing voltage is about 3.4 V.

Keywords: MAF; EMAF; precision finishing; surface roughness

1. Introduction

As a kind of non-traditional precision finishing technology, the magnetic abrasive finishing (MAF)
process has been widely used in aerospace, optics, semiconductors, biological engineering, etc. [1–5].
Because the magnetic field has a penetrating effect, it can penetrate the outer layer of the workpiece and
form magnetic brush inside of it [6]. Therefore, MAF process can be used to process fine workpieces
that are difficult to enter and finish by traditional machining tools [7]. Magnetic brush is flexible and
can adapt to the surface of parts with complex shapes, and the MAF process is usually used to finish fine
curved surfaces and inner surfaces of tubes [3–5]. The MAF process has many advantages, it can realize
the high-quality surface finishing of the workpiece, but the problem is that the finishing efficiency
is not high enough. In order to improve the finishing efficiency of the MAF process, the magnetic
abrasive finishing combined with electrolytic process (EMAF) was proposed [8].

The electrolysis reactions use the principle of anode electrochemical dissolution to achieve material
removal, the processing efficiency is high and has nothing to do with the hardness and toughness of
the material [9,10]. The electrolysis reactions in EMAF process can flatten the surface of the workpiece
through anodic dissolution. Meanwhile, the passive films are removed by magnetic brush to achieve
efficient precision machining [11]. During the EMAF processing, the processing tool (electrode) does
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not come into direct contact with the workpiece, so the tool electrode does not dissolve and has a long
service life [12,13].

The workpiece material aluminum alloy A5052 in this experiment belongs to aluminum alloy 5000
series which has magnesium (2.2–2.8%) as the major alloying element, and it has the advantages of light
weight, good workability, high thermal conductivity, corrosion resistance to seawater and salt spray, etc.
Aluminum and its alloys are widely used automotive, aerospace, marine engineering, etc., due to their
superior physical and chemical properties [14–16]. Therefore, exploring the feasibility and machining
mechanism of finishing aluminum alloy materials has great significance to the future exploration of
using EMAF process for precision finishing fine surfaces. This study aims to explore the possibility of
EMAF processing aluminum alloy A5052 by the compound processing tool. The experimental results
are analyzed in combination with the simulation to verify the rationality of the arrangement of magnetic
poles and electrode. Through comparison and analysis of the experimental results, the feasibility of
using the compound processing tool to finish aluminum alloy A5052 is proved, and the machining
mechanism is initially explored.

2. Processing Principle

In this section, the EMAF processing principle is first introduced, and then the effect of the electrolysis
reactions in the EMAF process and the MAF process are introduced, respectively.

2.1. Principle of EMAF Process

The EMAF processing principle is shown in Figure 1. The workpiece and the electrode of compound
processing tool are, respectively, connected to the positive and negative poles of the DC power supply.
The compound processing tool consists of a cross electrode and four magnetic poles (arranged in
the same direction). During the 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 current and voltage values
during EMAF processing are recorded by a data logger, and the current and voltage curves are used for
the analysis of experimental results.
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Figure 1. Schematic of magnetic abrasive finishing combined with electrolytic process (EMAF)
processing principle.
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The electrolysis reactions and the MAF processing act on the workpiece surface at the same time
because the electrode and the magnetic poles rotate together. The electrolysis reactions are used to
efficiently remove the surface protrusions, and the MAF process is used to further refine the surface
of the workpiece. The processing efficiency of the EMAF process is higher than the traditional MAF
process due to the electrolysis reactions is very efficient and is not affected by the hardness of the
material. The MAF process included in EMAF process is also used to remove the passive film produced
by electrolysis reactions on the surface. The characteristics of EMAF process not only retains the high
efficiency of the electrolysis reaction, but also retains the high precision of the MAF process.

During the EMAF processing, the material removal of electrolysis reactions is shown by the
Formula (1). In the formula, 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 [17,18].

m = η
ItA
Fn

(g), (1)

2.2. Principle of Electrolysis Reactions in EMAF Process

The schematic of electrolysis reactions in the EMAF process is shown in Figure 2. In this study,
neutral sodium nitrate aqueous solution is selected as the electrolyte. The main electrolysis reactions that
occur during the EMAF process when the power is turned on are shown in Formulas (2) and (3), [19].
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Figure 2. Schematic of electrolysis reactions during the EMAF process.

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

2H+ + 2e−→ H2↑, (2)

Metal dissolution reaction of workpiece (anode):

Me→Men+ + ne−, (3)
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2.3. Principle of Plane MAF Process

During the MAF processing, the magnetic brush formed between the bottom surface of the magnetic
pole and the surface of workpiece is used as a processing tool to finish workpiece. The magnetic force
F experienced by a single iron powder in magnetic field can be decomposed into a force Fx (along the
direction of the magnetic force) and Fy (along the direction of magnetic equipotential line), as shown in
Formulas (4) and (5) [20,21].

Fx = Vχµ0H(∂H/∂x), (4)

Fy = Vχµ0H(∂H/∂y), (5)

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.

3. Experimental Setup and Compound Processing Tool

3.1. EMAF Processing Setup

As shown in Figure 3, the EMAF experimental setup mainly includes the EMAF processing
setup (vertical milling machine, X-Y stage and compound processing tool), DC power supply and the
current measuring and recording setup (current sensor, data logger and PC). In the EMAF processing,
the compound processing tool is clamped on the spindle of the milling machine and rotates with the
spindle. The workpiece is driven by the X-Y stage to move in the horizontal direction. The electrolysis
reactions in the EMAF process are powered by the DC power supply.
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Figure 3. External view of experimental setup.

3.2. Current Measuring and Recording Setup

According to Formula (1), the processing current is one of the important processing parameters.
The intensity of the electrolysis reaction in the EMAF process can be judged by the current value,
and the current fluctuation can be used to judge whether there is a short-circuit phenomenon during
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EMAF processing. In this paper, the measured current curve is used to analyze the experimental
results. As shown in Figure 3, the current measuring and recording set up includes a current sensor,
a data logger and a computer.

The schematic of current measuring and recording set up is shown in Figure 4. The current flowing
out from the DC power supply flows through the current sensor for EMAF processing. After the
processing current flows through the current sensor, the current value is converted into an output
voltage of 0–10 V. The EMAF processing voltage and the current sensor output voltage are recorded by
data logger. The voltage and current curves during the EMAF processing are transmitted and saved to
the computer for reviewing.
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3.3. Simulation of Magnetic Induction

MagNet (64-bit Version 7) is used as the simulation software for this study. The simulation of the
magnetic induction on the surface of the processing tool and the surface of the workpiece is shown in
Figure 5, respectively. Figure 5a shows the magnetic induction on the surface of the processing tool.
It can be seen from the simulation results that the magnetic induction is the largest at the edges of
magnetic poles. The magnetic induction is slightly weaker on the surface of the magnetic pole and
near the edge. The magnetic induction outside the magnetic pole debilitates rapidly. If the magnetic
induction is too weak, the magnetic brush cannot provide sufficient finishing pressure.Machines 2020, 8, x FOR PEER REVIEW 6 of 16 

 

  

(a) (b) 

Figure 5. Simulation of magnetic induction. (a) magnetic induction on the surface of processing tools 

and (b) magnetic induction on the surface of the workpiece (working gap 1 mm). 

4. Experimental Results and Discussion 

The feasibility of this processing tool for EMAF processing of SUS 304 stainless steel has been 

proven [8], and the machining mechanism has been further studied [11]. However, the processing 

effect of this tool on aluminum alloy A5052 has not been explored. These experiments are used to 

explore the finishing effect of the compound processing tool in the neutral electrolyte (NaNO3) on 

aluminum alloy A5052 plate. Based on the analysis of the experimental results, the rationality of the 

processing tool design is further discussed. Furthermore, according to the proven machining 

mechanism, the future research is planned and prospected.  

4.1. Experiment of Electrolysis in EMAF Process 

Because of the active chemical properties of aluminum, it is necessary to explore the effect of 

electrolysis reactions on the aluminum alloy A5052 workpiece during EMAF process. The 

experimental conditions are shown in Table 1. Aluminum alloy A5052 plate is selected as the work 

piece, the size is 100 by 100 by 1 mm. NaNO3 aqueous solution was selected as the electrolyte with a 

concentration of 15%. The changes of material removal (MR) and surface roughness (SR) was 

investigated at the processing voltage of 4 V, 5 V and 6 V, respectively. Due to the limitation of the 

workpiece size and the feed speed of the X-Y stage, the one-way movement time of the X-Y stage is 

12 s, and the time of each reciprocating cycle is 24 s. The EMAF processing time in this experiment is 

a multiple of 24 s, and the total processing time is 216 s. 

Table 1. Experimental conditions of electrolysis in EMAF process. 

Item Experimental Conditions 

Workpiece Aluminum alloy A5052 plane (100 × 100 × 1 mm) 

Electrolyte NaNO3 15% wt 

Processing voltage 4 V, 5 V, 6 V 

Working gap 1 mm 

Stage feed speed 5 mm/s 

Tool rotation speed 450 rpm 

Total processing time 216 s 

The experimental results are shown in Figure 6. It can be seen from the Figure 6a that the 

average surface roughness value of the workpiece surface is increasing regardless of the voltage 

condition. What is more, there is no obvious law for the increase of surface roughness value. This is 

because the passive film formed on the surface of the workpiece cannot be removed in time. 

Moreover, the rough surface of the initial workpiece and the irregular formation of the passive film 

Figure 5. Simulation of magnetic induction. (a) magnetic induction on the surface of processing tools
and (b) magnetic induction on the surface of the workpiece (working gap 1 mm).

Figure 5b shows the magnetic induction on the surface of the workpiece when the working
gap is 1 mm. It can be seen from the simulation results that the magnetic induction on the surface
of the workpiece is obviously weaker than that on the surface of the processing tool. According to
Formulas (4) and (5), the finishing pressure of the magnetic brush is greater when it is closer to the
processing tool.
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4. Experimental Results and Discussion

The feasibility of this processing tool for EMAF processing of SUS 304 stainless steel has been
proven [8], and the machining mechanism has been further studied [11]. However, the processing effect
of this tool on aluminum alloy A5052 has not been explored. These experiments are used to explore the
finishing effect of the compound processing tool in the neutral electrolyte (NaNO3) on aluminum alloy
A5052 plate. Based on the analysis of the experimental results, the rationality of the processing tool
design is further discussed. Furthermore, according to the proven machining mechanism, the future
research is planned and prospected.

4.1. Experiment of Electrolysis in EMAF Process

Because of the active chemical properties of aluminum, it is necessary to explore the effect of
electrolysis reactions on the aluminum alloy A5052 workpiece during EMAF process. The experimental
conditions are shown in Table 1. Aluminum alloy A5052 plate is selected as the work piece, the size is
100 by 100 by 1 mm. NaNO3 aqueous solution was selected as the electrolyte with a concentration
of 15%. The changes of material removal (MR) and surface roughness (SR) was investigated at the
processing voltage of 4 V, 5 V and 6 V, respectively. Due to the limitation of the workpiece size and the
feed speed of the X-Y stage, the one-way movement time of the X-Y stage is 12 s, and the time of each
reciprocating cycle is 24 s. The EMAF processing time in this experiment is a multiple of 24 s, and the
total processing time is 216 s.

Table 1. Experimental conditions of electrolysis in EMAF process.

Item Experimental Conditions

Workpiece Aluminum alloy A5052 plane (100 × 100 × 1 mm)
Electrolyte NaNO3 15% wt

Processing voltage 4 V, 5 V, 6 V
Working gap 1 mm

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

Total processing time 216 s

The experimental results are shown in Figure 6. It can be seen from the Figure 6a that the average
surface roughness value of the workpiece surface is increasing regardless of the voltage condition.
What is more, there is no obvious law for the increase of surface roughness value. This is because the
passive film formed on the surface of the workpiece cannot be removed in time. Moreover, the rough
surface of the initial workpiece and the irregular formation of the passive film will also make the
surface of the workpiece more uneven. When the processing voltage is 6 V, the surface roughness
value fluctuates greatly from 48 s to 120 s. In order to better explain this phenomenon, the analysis is
carried out in conjunction with the amount of material removal in Figure 6b. When the processing
voltage is 6 V, the measured surface roughness value reaches Ra 3.1 µm at 72 s, and the material
removal amount is 48.7 mg; when processing to 120 s, the surface roughness value drops to 2.6 µm,
and the amount of material removal is 79.9 mg. One of the reasons for the sudden change of the
surface roughness value is that the passive film on the surface of the workpiece becomes uneven
as the electrolysis reaction proceeds. A non-uniform passive film will result in a different intensity
of electrolytic reaction on the machined surface, and when it accumulates to a certain extent, it will
easily cause a sudden change in the surface roughness value. In this experiment, the removal of the
passive film mainly depends on the washing of flowing electrolyte by the compound processing tool
rotating and stirring the electrolyte. Therefore, the more electrolytic products accumulated during
processing, the rougher the surface, the stronger the scouring effect of the electrolyte, and the easier
the passive film is removed. This explains why the surface roughness value at 120 s is lower than at
72 s. It can be seen from the Figure 6b that the higher the processing voltage, the higher the material
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removal. Further, as time increases, the amount of material removal increases. The final material
removal amount is 38.61 mg, 82.34 mg and 144.7 mg when using 4 V, 5 V and 6 V processing voltage,
respectively. From the change law of material removal in this experiment, the electrolysis reaction in
the EMAF process will be accelerated as the processing voltage increases.
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4.2. MAF Experimental Conditions and Results

As an important part of the EMAF process, the MAF process plays a role in removing the passive
film and further finishing the surface of the workpiece during the EMAF processing. If the processing
capacity of MAF is not enough, the passive film will remain on the surface of the workpiece, which will
affect the finished surface quality. Therefore, it is very important to select appropriate processing
parameters according to different conditions during processing.

The experimental conditions are shown in Table 2. The processing time of each stage is 5 min.
Electrolytic iron powders of 330 µm and 149 µm were selected as magnetic particles, and WA# 10000,
WA# 20000 and WA# 30000 were selected as abrasives, respectively.

Table 2. Experimental conditions of magnetic abrasive finishing (MAF) process.

Item Experimental Conditions

Workpiece Aluminum alloy A5052 plane (100 × 100 × 1 mm)
Electrolytic iron powders 330 µm, 149 µm

Abrasives particles WA# 10000, WA# 20000, WA# 30000
Working gap 1 mm

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

Processing time 5 min/stage

The results of the MAF experiment are shown in Figure 7, when using 330 µm electrolytic iron
powder. It can be seen from the experimental results that 330 µm + WA# 10000 has the highest
finishing efficiency in the early stage of processing. The smaller the abrasive particle size, the lower the
processing efficiency. This is because in the same experimental conditions, the larger the abrasive grain
size, the more severe the collision with the protrusions on the workpiece surface.

When 149 µm electrolytic iron powder was selected, the results of the MAF experiment are shown
in Figure 8. It can be seen from the experimental results that 149 µm + WA# 10000 has the highest
processing efficiency in the early stage of finishing, which is similar to when using 330 um electrolytic
iron powder. However, the finishing capacity of 149 µm + WA# 20000 and 149 µm + WA# 30000 is
similar, which is quite different from when using 330 um electrolytic iron powder. This is because
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when using 149 µm iron powder, the finishing pressure is lower, according to Formulas (4) and (5).
Small finishing pressure and too small abrasive particle size result in insufficient collision between
abrasive particles and the surface of the workpiece.

Machines 2020, 8, x FOR PEER REVIEW 8 of 16 

 

Table 2. Experimental conditions of magnetic abrasive finishing (MAF) process. 

Item Experimental Conditions 

Workpiece Aluminum alloy A5052 plane (100 × 100 × 1 mm) 

Electrolytic iron powders 330 μm, 149 μm 

Abrasives particles WA# 10000, WA# 20000, WA# 30000 

Working gap 1 mm 

Stage feed speed 5 mm/s 

Tool rotation speed 450 rpm 

Processing time 5 min/stage 

The results of the MAF experiment are shown in Figure 7, when using 330 μm electrolytic iron 

powder. It can be seen from the experimental results that 330 μm + WA# 10000 has the highest 

finishing efficiency in the early stage of processing. The smaller the abrasive particle size, the lower 

the processing efficiency. This is because in the same experimental conditions, the larger the abrasive 

grain size, the more severe the collision with the protrusions on the workpiece surface.  

 

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

When 149 μm electrolytic iron powder was selected, the results of the MAF experiment are 

shown in Figure 8. It can be seen from the experimental results that 149 μm + WA# 10000 has the 

highest processing efficiency in the early stage of finishing, which is similar to when using 330 um 

electrolytic iron powder. However, the finishing capacity of 149 μm + WA# 20000 and 149 μm + WA# 

30000 is similar, which is quite different from when using 330 um electrolytic iron powder. This is 

because when using 149 μm iron powder, the finishing pressure is lower, according to Formulas (4) 

and (5). Small finishing pressure and too small abrasive particle size result in insufficient collision 

between abrasive particles and the surface of the workpiece.  

Comparing the two sets of experiments, the finishing efficiency is highest when 330 μm 

electrolytic iron powder and WA# 10000 abrasive particles are used for processing. Moreover, no 

matter whether electrolytic iron powder of 330 μm or 149 μm is used, the finishing efficiency of WA# 

10000 is always the highest. From the experimental results of material removal, when using WA# 

10000 abrasive, the material removal is much higher than the other two types of abrasives. 

Furthermore, when using 330 μm electrolytic iron powder, the highest material removal obtained after 

20 min of processing is 18.24 mg; when using 149 μm electrolytic iron powder processing for 30 min, 

the highest material removal obtained is 19.41 mg. The final surface roughness values show that the 

Figure 7. MAF process experimental results (330 µm electrolytic iron powder).
Machines 2020, 8, x FOR PEER REVIEW 9 of 16 

 

finishing effect of using 149 μm electrolytic iron powder is relatively better than that of using 330 μm 

electrolytic iron powder. 

 

Figure 8. MAF process experimental results (149 μm electrolytic iron powder). 

4.3. Experiment of EMAF Processing 

Through the previous experiments, the processing characteristics of electrolysis reactions in the 

EMAF process and the MAF processing characteristics of the processing tool have been initially 

explored. From the previous experimental results, the material removal by electrolysis reactions in 

the EMAF process is significantly higher than that in the MAF process. However, if only the 

electrolytic reactions in the EMAF process are used for processing by using this compound 

processing tool, the passive film will remain on the surface, resulting in uneven surface.  

In order to obtain a better composite processing effect, 330 μm electrolytic iron powder with 

higher finishing efficiency will be used during EMAF processing (Stage 1). After the first stage of 

processing, 149 μm electrolytic iron powder will be used to continue finishing the workpiece for 5 

min (Stage 2). Because the WA# 10000 abrasive has the highest processing efficiency in previous 

experiments, WA# 10000 abrasive is used for the next experiment. The processing voltage is initially 

set at 4 V, so the passive film can be removed more effectively. The EMAF experimental conditions 

are shown in Table 3. 

Table 3. EMAF experimental conditions. 

Item Experimental Conditions 

Workpiece Aluminum alloy A5052 plane (100 × 100 × 1 mm) 

Electrolytic iron powders 330 μm (Stage 1), 149 μm (Stage 2) 

Abrasives particles WA# 10000 

Electrolyte NaNO3 15% wt 

Processing voltage 4 V 

Working gap 1 mm 

Stage feed speed 5 mm/s 
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Comparing the two sets of experiments, the finishing efficiency is highest when 330 µm electrolytic
iron powder and WA# 10000 abrasive particles are used for processing. Moreover, no matter whether
electrolytic iron powder of 330 µm or 149 µm is used, the finishing efficiency of WA# 10000 is always
the highest. From the experimental results of material removal, when using WA# 10000 abrasive,
the material removal is much higher than the other two types of abrasives. Furthermore, when using
330 µm electrolytic iron powder, the highest material removal obtained after 20 min of processing is
18.24 mg; when using 149 µm electrolytic iron powder processing for 30 min, the highest material
removal obtained is 19.41 mg. The final surface roughness values show that the finishing effect of using
149 µm electrolytic iron powder is relatively better than that of using 330 µm electrolytic iron powder.

4.3. Experiment of EMAF Processing

Through the previous experiments, the processing characteristics of electrolysis reactions in
the EMAF process and the MAF processing characteristics of the processing tool have been initially
explored. From the previous experimental results, the material removal by electrolysis reactions in the
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EMAF process is significantly higher than that in the MAF process. However, if only the electrolytic
reactions in the EMAF process are used for processing by using this compound processing tool,
the passive film will remain on the surface, resulting in uneven surface.

In order to obtain a better composite processing effect, 330 µm electrolytic iron powder with
higher finishing efficiency will be used during EMAF processing (Stage 1). After the first stage of
processing, 149 µm electrolytic iron powder will be used to continue finishing the workpiece for
5 min (Stage 2). Because the WA# 10000 abrasive has the highest processing efficiency in previous
experiments, WA# 10000 abrasive is used for the next experiment. The processing voltage is initially
set at 4 V, so the passive film can be removed more effectively. The EMAF experimental conditions are
shown in Table 3.

Table 3. EMAF experimental conditions.

Item Experimental Conditions

Workpiece Aluminum alloy A5052 plane (100 × 100 × 1 mm)
Electrolytic iron powders 330 µm (Stage 1), 149 µm (Stage 2)

Abrasives particles WA# 10000
Electrolyte NaNO3 15% wt

Processing voltage 4 V
Working gap 1 mm

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

Processing time (Stage 1) EMAF (2 min) + MAF (3 min)
Processing time (Stage 2) MAF (5 min)

The experimental results of EMAF processing are shown in Figure 9. From the results of the EMAF
experiment, it can be seen that the material removal of EMAF processing in 2 min is 4.9 mg, which is
greater than the maximum material removal of 4.7 mg by 5 min MAF processing. It can also be seen
that the finishing efficiency is greatly improved when using the EMAF process to finish the aluminum
alloy A5052, compared with the traditional MAF process. After the first stage of finishing, the total
material removal is 8.85 mg; after the second stage of finishing, the final material removal is 12.75 mg.
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But from the change of surface roughness, the average surface roughness after EMAF processing
is about Ra 175 nm. After the first stage of finishing, it reaches about Ra 86 nm, and after the second
stage of finishing, it finally reaches Ra 56 nm. Since the surface roughness value does not reach below
Ra 50 nm, it is necessary to further explore more suitable processing parameters. Through microscope
observation, it is found that after the EMAF processing, some electrolytic reaction products still remain
on the processed surface that have not been completely removed.
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The observed surfaces by microscope after finishing are shown in Figure 10. It can be seen from
the figure that after EMAF processing, the surface of the workpiece is not uniform, and there are still
some electrolysis reaction products that cannot be removed in time. However, after the MAF process
in the first stage, the electrolysis reaction products remain on surface are basically removed. After the
second stage of MAF processing, the surface becomes smoother.Machines 2020, 8, x FOR PEER REVIEW 11 of 16 
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Figure 10. Observed surface by microscope after finishing. (a) Finished surface after EMAF processing;
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4.4. Further Study on the EMAF Processing Parameters

In order to obtain a better finishing effect, the processing parameters have been optimized
in this section. Through the previous experiments and figures, it can be concluded that there are
still electrolysis reaction products on the surface of the workpiece after EMAF processing, and the
electrolysis reaction speed in EMAF increases with the increase of processing voltage. Therefore, for the
purpose of improving the finished surface quality, priority is given to reducing the processing voltage
to reduce the electrolysis reaction speed in the EMAF process. The new EMAF processing conditions
are shown in Table 4.

Table 4. EMAF experimental conditions for optimization of processing parameters.

Item Experimental Conditions

Workpiece Aluminum alloy A5052 plane (100 × 100 × 1 mm)
Electrolytic iron powders 330 µm (Stage 1), 149 µm (Stage 2)

Abrasives particles WA# 10000
Electrolyte NaNO3 15% wt

Processing voltage 4 V, 3.8 V, 3.6 V, 3.4 V
Working gap 1 mm

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

Processing time (Stage 1) EMAF (2 min) + MAF (3 min)
Processing time (Stage 2) MAF (5 min)

In this experiment, we keep the other experimental conditions unchanged and only lower the
processing voltage. The experimental results are shown in Figure 11. It can be seen from the
experimental results that the amount of material removal decreases as the processing voltage decreases.
After the first stage of processing, the material removal is 4.93 mg, 6.94 mg and 7.72 mg when the
processing voltage is 3.4 V, 3.6 V and 3.8 V, respectively. The lowest material removal is 4.93 mg at
3.4 V, but it is still greater than the maximum material removal (4.7 mg) of 5 min MAF processing in
the previous experiment. After two stages of finishing, the material removal is 8.41 mg, 9.94 mg and
11.4 mg when the processing voltage is 3.4 V, 3.6 V and 3.8 V, respectively. The amount of material
removal at each stage shows the rule that the greater the processing voltage, the larger amount of
material removal.

From the final average surface roughness value, the optimal surface roughness of the workpiece
is Ra 35.5 nm at 3.4 V. The surface roughness values at other processing voltages are Ra 38 nm at 3.6 V
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and Ra 45.5 nm at 3.8 V. Therefore, when the finishing voltage is 3.4 V, the finished surface with the
lowest surface roughness value is obtained.
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Figure 11. Optimization experiment of EMAF processing parameters.

4.5. Discussion of Processing Current and 3D Topography

4.5.1. EMAF Processing Current

The electrolysis reaction current curves in Experiment 4.1 are shown in Figure 12. The processing
voltage values corresponding to the current curves in Figure 12a–c are 4 V, 5 V and 6 V, respectively.
The recording time of the processing current is 24 s. It can be seen from the figures that in this
experiment, the greater the processing voltage, the greater the processing current. According to Formula
(1), under the same processing conditions, the greater the processing current, the greater the amount of
material removal achieved. This explains the changing trend of material removal of Experiment 4.1.
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Figure 12. Processing current curves of electrolysis reactions in EMAF process. (a) The current curve
when processing voltage is 4 V; (b) the current curve when processing voltage is 5 V; and (c) the current
curve when processing voltage is 6 V.

The current curves during EMAF processing of the Experiment 4.4 are shown in Figure 13.
The processing voltage values corresponding to the current curves in Figure 13a–d are 3.4 V, 3.6 V,
3.8 V and 4.0 V, respectively. It can be seen that the processing current of the EMAF process also
increases with the increase of the processing voltage. Similarly, according to Formula (1), the greater the
processing current during the EMAF processing, the greater the amount of material removal achieved.
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Figure 13. Processing current curves of EMAF process. (a) the current curve when processing voltage
is 3.4 V; (b) the current curve when processing voltage is 3.6 V; (c) the current curve when processing
voltage is 3.8 V; and (d) the current curve when processing voltage is 4.0 V.

4.5.2. 3D Topography of Finished Surfaces

The 3D topography measured by Zygo NewView7300 are shown in Figure 14. Figure 14a–d
correspond to the EMAF processing voltage values of 4.0 V, 3.8 V, 3.6 V and 3.4 V, respectively. It can
be seen from the figures that when the processing voltage decreases, the surface of the workpiece
gradually becomes uniform. However, due to the strong metal activity of aluminum alloy itself, it is
relatively difficult to control the intensity of electrolysis reactions. Therefore, surface defects are prone
to appear on the finished surface after EMAF processing.
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5. Discussion

The experimental results have proved the feasibility of using the compound processing tool
for EMAF process to finish aluminum alloy A5052. Additionally, the processing efficiency of the
EMAF process shows better results than that of the traditional MAF process. It can be seen from
Figure 5 that the magnetic induction at the edge of compound processing tool is weak. So according to
Formulas (4) and (5), the finishing pressure at the edge of the processing tool is slightly insufficient.
It is not obvious when processing SUS304 stainless steel [8,11]. However, due to the higher metal
activity of aluminum, there will be more passive films left on the edges during the EMAF processing.

6. Conclusions

After a series of experiments to explore the feasibility of the compound processing tool for finishing
aluminum alloy A5052 by EMAF process, the conclusions are as follows:

1. Through a series of experiments, it is proved that the compound processing tool with arrangement
of a cross electrode and four magnetic poles in the same direction can finish aluminum alloy
A5052 by EMAF process.

2. Compared with the traditional MAF process, when finishing the surface of aluminum alloy A5052
by the same compound processing tool and at the same experimental conditions (except the
electrolysis conditions), the EMAF process, which includes electrolysis reactions, can achieve
higher finishing efficiency.

3. The processing current of the EMAF process increases with the increase of the processing voltage
within a certain range.

4. When using EMAF process to finish the surface of aluminum alloy A5052, the processing voltage
should not be too high. In this experiment, when the working gap is 1 mm and the concentration
of NaNO3 aqueous solution is 15%, the recommended processing voltage is about 3.4 V.
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