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Abstract This research proposes an effective plane magnetic
abrasive finishing (MAF) process which was combined with
electrolytic process in order to improve machining efficiency
of traditional plane MAF process. The new plane finishing
process can make surface of workpiece to be planarized and
softened through formed passive films from electrolytic pro-
cess. Meanwhile, the passive films are removed by magnetic
brush-generated mechanical processing force to achieve effi-
cient precision machining. This finishing process is called
electrolytic magnetic abrasive finishing (EMAF). In this re-
search, we have developed a novel machining tool of com-
pound magnetic poles and electrodes, which is able to achieve
two different processes. The SUS304 stainless steel plane is
used as workpiece. In order to select electrolytic finishing time
for EMAF process, the investigation of electrolytic process
has been carried out before EMAF process. Then, the com-
parative experiments of EMAF process and MAF process
have been conducted in order to investigate the effect of
EMATF process. The experimental results show that EMAF
process can a little obtain higher quality surface, and machin-
ing efficiency is improved by about 50%, which compared
with that of traditional plane MAF process. Furthermore, the
surface roughness can be reduced to 30.94 nm R, from orig-
inal roughness of 393.08 nm R, in 40 min by the EMAF
process.
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1 Introduction

In recent years, many new ultra-precision machining technol-
ogies have been developed and used to machine plane work-
piece, in which the magnetic abrasive finishing (MAF) pro-
cess is proven to be an effective precision processing [1-9].
As a precision machining method, the MAF process has been
firstly proposed by the Soviet Union engineer Mr. Kargolow
[10]. MAF has many advantages in process, such as good
flexibility, self-sharpening of magnetic abrasive particles,
and easy controllability. Since the 1980s, the MAF processing
technology has been researched and conducted by many re-
searchers. Among them, Prof. Shinmura proposed “plane
magnetic abrasive finishing process” in which the magnetic
pole rotates at a high speed and workpiece is fed [11-13];
Kang and Yamaguchi applied a multiple pole-tip system with
alternating magnetic and non-magnetic regions for the internal
finishing of long capillary tubes [14]; Lin et al. employed
MAF to polish free-form surface of SUS304 material [15];
Yin et al. developed three modes of vibration-assisted MAF
process for polishing flat surface and 3D micro-curved surface
[16].

Normally, magnetic brush is used to finish workpiece in
traditional plane MAF process. Then, in order to obtain high
accuracy surface, the micro magnetic abrasive particles need
to be used in ultra-precision finishing process. However, there
is a serious problem that the hardness of magnetic abrasive
particles is softer than the hardness of SUS304 stainless steel
[17, 18]. Moreover, the service life of magnetic abrasive
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particles is short, if the magnetic abrasive particles cannot
promptly be replaced during MAF process, the finishing abil-
ity of MAF process will be rather limited [19-21]. Thus, it is
difficult for traditional MAF process to achieve both high
accuracy surface and machining efficiency.

In order to improve machining efficiency and surface ac-
curacy of MAF mirror-polishing, this study is focused on an
effective machining method which is called electrolytic mag-
netic abrasive finishing (EMAF) process for combining MAF
process and electrolytic process in nano-precision mirror-
polishing test of the SUS304 plane workpieces [22-24]. It is
well known that the SUS304 is a material of poor machinabil-
ity and non-magnetic. During MAF process, because of that
machining pressure of magnetic brush is inadequate, the effi-
ciency of MAF process is low for polishing SUS304 work-
piece. Yet, the effects of electrolytic process cannot be affected
by hardness of workpiece, and it is suitable for processing
most of metallic materials, while the surface of material is
dissolved out a lot of ions and carried away by the electrolytic
process. Then, the surface hardness of SUS304 may be soft-
ened. In other words, the machinability of SUS304 becomes
good. Thus, the electrolytic process is taken as primary effect
to remove material for the EMAF process [25-30]. Generally,
the roughness of metal surface can only reach to less than
200 nm R, by the electrolytic process. Hence, the MAF pro-
cess is used to remove the formed passive films from electro-
lytic process in order to achieve precision machining. If MAF
process combines with electrolytic process, the magnetic abra-
sive could be protected. Moreover, the efficiency of EMAF
process is higher than any single process of MAF process or
electrolytic process. MAF process and electrolytic process are
performed at the same time, but MAF process is adopted as a
final process after electrolytic process in order to get a perfect
surface profiles accuracy with high machining efficiency. The
surface roughness and appearance before processing and after

Fig. 1 Schematic of MAF
process
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processing are detected by 3D non-contact optical profiling
microscopy and measurement scanning electron microscope.

2 Basic machining principle of MAF and EMAF
2.1 Principle of plane MAF process

Figure 1 shows the schematic of traditional “plane MAF
polishing process” which is proposed by Prof. Shinmura
[31, 32]. The poles are disposed on the top of the workpiece
plane. The iron particles are mixed with magnetic abrasive
particles and attracted along the magnetic force lines. Then,
the magnetic brush is formed on the bottom of the poles. The
relative rotation of magnetic pole combines with reciprocating
feeding movement of workpiece; a relative friction is pro-
duced between surface of workpiece and magnetic brush.
The friction is combined with fluctuating magnetic force pro-
duced by magnetic brush. Thus, the material removal and
surface accuracy of mirror-polishing can be effectively
realized.

2.2 Basic processing principle of EMAF

Since the electrolytic process is an important part of EMAF
process, principle of electrolytic process will preferentially be
introduced in the following. Figure 2 shows the machining
principle of electrolytic process. The NaNOj solution is neutral
which produces less pollution for environment. Thus, the
NaNOj solution is adopted as the electrolyte in this study from
the view of environmental protection. When turning on DC
constant voltage power, aqueous solution of NaNO; will take
place electrolytic reactions which are shown as Egs. (1) and (2).

NaNO;— Na™4+NO* (1)
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Fig. 2 Schematic of electrolytic process
H,0— H*+OH (2)

Na* and H* move toward the cathode; NO®>~ and OH~
move toward the anode. Since ionization tendency of “Na”
is stronger than ionization tendency of “H,” the reaction
shown as Eq. (3) occurs at the cathode. The discharge of
OH  is easier than the discharge of NO>™; hence, the reaction
shown as Eq. (4) occurs at the anode. Through Egs. (3) and
(4), it can be seen that H, is generated at the cathode and O, is
generated at the anode [33].

H*+2¢— Hy? (3)
20H — H,0 + 1/20,1 + 2¢ (4)

It is well known that the major composition of SUS304 is
Fe (70%), Cr (20%), and Ni (10%). Generated oxygen at the
anode has strong oxidizing. Hence, most of anode metal is
oxidized under the action of oxygen. Moreover, a lot of mental
ions such as Fe**, Cr®*, Fe?*, Cr’* Ni%*, and other elements
are eluted on the metal surface by the action of oxidation
reaction [33]. Compared with the concave portions of work-
piece, the protruding portions are closer to cathode. Thus, the
current density of protruding portions is larger and eluted rate
is also relatively faster. These protruding portions of work-
piece are preferentially leveled during electrolytic process,
and the surface precision polishing can be completed by elu-
tion [34, 35]. Along with the electrolytic reaction proceeds,
the surface of SUS304 plane will accumulate a large number
of passive films which can lead to the electrolytic current
gradually to decrease. Thereby, the eluting amount of metal
ions will decrease.

The main problem of using MAF process to polish the
SUS304 plane is that pressing pressure of magnetic brush is
deficiency. However, if the MAF process combines with the
electrolytic process, passive films are generated under the ac-
tion of electrolytic process. Since the hardness of passive films

is far lower than that of SUS304 material, magnetic brush can
effectively remove formed passive films from the electrolytic
process. Thereby, abovementioned, the main problem of using
MAF process can be solved, and the machining efficiency can
be improved by EMAF process. It is notable that EMAF pro-
cess includes two finishing steps which are (1st) finishing step
(MAF process combines with electrolytic process) and (2nd)
finishing step (single MAF process). The schematic of stain-
less planar processing system is shown as Fig. 3. The SUS304
workpiece as an anode is penetrated into electrolyte solution
and connected to positive electrode of DC constant voltage
power. The electrolytic magnetic compound machining tool as
a cathode is located above the workpiece and connected to
negative electrode of DC constant voltage power. There is a
working gap between compound machining tool and work-
piece plane. The magnetic brush is formed by mixed magnetic
abrasive particles at the bottom of the magnetic poles. Then,
magnetic brush conducts rotational movement. The electro-
lyte is injected by a pump and the flow rate of electrolyte is
controlled through a flow meter. After turning on DC constant
voltage power, the protruding portions will be preferentially
leveled and the passive films will form on the surface of work-
piece by electrolytic process. At the same time, using the
magnetic abrasive particles of magnetic brush to exert friction
on the surface of workpiece, the passive films can be effec-
tively removed. Thus, the efficient precision machining of
workpiece surface can be realized through EMAF process.
In addition, in order to avoid environmental pollution, the
used electrolyte is collected into a collecting container.

3 Experimental setup

The electrolytic magnetic compound machining tool has been
designed and made before this study, as shown in Fig. 4. In
order to achieve that the electric current flows from the power
supply to compound machining tool (cathode), a copper ring
as a conductor is placed on the top of compound machining
tool. The cathode is designed to be cross-shape at the bottom
of compound machining tool (two copper rods:
30 x 3 x 3 mm). The magnetic poles are constituted by four
circular Nd-Fe-B permanent magnet (four magnetic poles: &
6 x 30 mm) and respectively distributed on four directions of
the electrodes. In order to avoid short circuit which is caused
by connection of magnetic brush and electrode, magnetic
poles and electrodes are separated approximately 4 mm.
Figure 5 shows the setup of electrolytic magnetic com-
pound machining experiment. A SUS304 plane with
100 mm in length, 100 mm in width, and 1 mm in thickness
is used for the experiments. The SUS304 plane workpiece as
an anode is located in the container and connected to the
positive of DC constant voltage power. Electrolytic magnetic
compound machining tool is fixed on the chuck of milling
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Fig. 3 Schematic of stainless
planar process system

machine and placed on the top of SUS304 plane workpiece.
The electrodes (copper rods) as a cathode are embedded into
bottom of electrolytic magnetic compound machining tool
and connected to the negative of DC constant voltage power
through a carbon rod and wires. A nozzle is placed near the
carbon rod. The electrolyte (NaNOs) is supplied from a nozzle
by a pump, and the flow rate of electrolyte is controlled
through a flow meter. The plane workpiece and container are
laid on the X-Y stage. The feeding trajectory and velocity of X-
Y stage are controlled by a numerical control (NC) program
which has been compiled. When the experiments are

Mixing magnetic
abrasive grains

Electric isolator Copper ring

Electrode Magnetic pole

Fig. 4 Schematic
machining tool

and photos of electrolytic magnetic compound
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performed, a certain working gap is adjusted between work-
piece (anode) and compound machining tool (cathode). The
magnetic brush is formed by mixing magnetic abrasive grains
at the bottom of poles. Then, the electrolytic magnetic com-
pound machining tool performs rotary motion. The rotational
direction and velocity of compound machining tool are con-
trolled by milling machine.

4 MAF experiments
4.1 Experimental conditions of MAF

In order to compare electrolytic process with EMAF process,
the traditional MAF process tests are conducted at room tem-
perature. The detailed experimental conditions of MAF pro-
cess are shown in Table 1. Surface roughness of workpiece is

Compound |
machining tool

: _* [
Fig. 5 Photo of experimental setup
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measured at approximate 0.39 um R, as an original roughness
before machining. The finishing time is selected as per 15 min
(for six times) to measure and compare the finished surface
differences. In order to ensure machining power to be ade-
quate, the working gap is adjusted to 1 mm. For obtaining a
higher surface accuracy and higher efficiency, the rotational
speed of compound machining tool and feeding speed of X-Y
stage are respectively adjusted to 450 rpm and 5 mm/s [31,
36]. After each step of tests, surfaces of workpiece are ob-
served at nine locations as shown in Fig. 6. The surface rough-
ness of workpiece is measured through a non-contact optical
profiling microscope (Wyko Vision NT1100), and the image
of finished surface is observed by a scanning electron micro-
scope (HITACHI S4500).

4.2 Experimental results and discussions of MAF process

Figure 7 shows the non-contact 3D measurement of unfin-
ished surface and finished surface at 75-min traditional MAF
process test obtained through a non-contact optical profiling
microscope. Compared with the surface profile of original
workpiece, it can be clearly seen the change in removal depth
h,. at 75-min traditional MAF process, and the surface profile
of workpiece almost tends to be planarized.

The SEM photograph of surface before MAF process is
shown in Fig. 8a. The initial hairline of surface can be clearly
seen through the SEM photograph. Figure 8b shows the SEM
photograph of finished surface at 75-min traditional MAF
process test obtained by a scanning electron microscope.
Compared with the surface of original workpiece, it can be
clearly found that the initial hairlines of surface have almost
completely been removed. However, just a few concave por-
tions still exist on the surface of workpiece.

In order to quantitatively compare and estimate the differ-
ence of surface roughness R, and material removal weight M
under different finishing times of traditional MAF process (per
15 min). The maximum height roughness R, in the captured

Table 1  Experimental conditions of MAF process

Conditions of MAF process

Workpiece SUS304 plane (100 x 100 x 1 mm)
0.39 um R,

Electrolytic iron powder (149, 75, and 30 pm in

Original roughness
Compound magnetic

abrasives mean diameter)
WA particles: #800, #4000, #8000, #10000
Oily grinding fluid
Working gap 1 mm
Stage feeding speed 5 mm/s
Tool rotational speed 450 rpm
MAF test time 90 min

Processing region

100 mm

v

Jo

! 100 mm

Fig. 6 Observed locations of surface specimen

field of 299 x 227 um? is estimated using a non-contact opti-
cal profiling microscope. The change in material removal
weight M is measured through a high-precision electronic
scale. Figure 9 shows the change in surface roughness R,
and material removal weight M as a function of MAF process
time. The surface roughness R, is an average surface rough-
ness value of nine observed locations. With finishing time
increases, it is noted that the surface roughness remarkably
descends from 390.98 nm R, to 41.49 nm R, at 75-min
MAF process experiment, and then the surface roughness be-
comes stable after 75-min MAF process test; the material re-
moval weight M continuously keeps increasing during 90-min
MAF process test, but the rate of material removal weight M
before 30-min MAF process test is more than the rate of ma-
terial removal weight M after 30-min MAF process test. Since
the service life of magnetic abrasive is short and the hardness
of magnetic abrasive is relatively soft, it may be the main
reason for that the surface roughness R, becomes stable after
75-min MAF process test and the material removal weight rate
before 30-min MAF process test is more than that after 30-min
MATF process test.

5 EMAF experiment
5.1 Experimental conditions of electrolytic process

By the foregoing narrative, it is easy to see that electrolytic
process plays an extremely important role during EMAF pro-
cess. Therefore, the investigation of electrolytic process is
carried out before EMAF process. Table 2 describes experi-
mental conditions of electrolytic process. Because finished
surface roughness during electrolytic process generally can
reach to below 0.2 um R,, the original surface roughness of
workpiece is selected as approximately 0.39 um R, before
machining. The working gap is adjusted to 1 mm in order to
ensure processing effect. The rotational speed of compound
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Fig. 7 Non-contact 3D
measurement of unfinished
surface and finished surface after

Unfinished surface

Finished surface after 75Smin MAF process

75-min MAF process
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Fig. 8 SEM images of
unfinished surface and finished

Unfinished specimen

Finished surface after 75min MAF process

surface after 75-min MAF
process
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machining tool and feeding speed of X-Y stage are respective-
ly adjusted to 450 rpm and 5 mm/s. The main feature of elec-
trolytic process is that processing speed can be accelerated.
Thereby, the total finishing time is selected as 10 min, and the
finished surface is measured at per 2 min. The 20 wt% sodium
nitrate is adopted as the electrolyte. The flow rate of electro-
lyte is adjusted to 300 ml/min. Electrical current is set as 2.5 A
through an 8 V DC constant voltage. The value of working
current can influence current density which can be calculated

400 1 7
o= Sueface roughness, Ra
. 6
—o—Material removal, M
E 320 ]
3 -
[ 5 =
[} —_—
4 240 4 g
= £
Eh 13 2
2 160 ] =
3 §
£ ' g
& 80 ¢
11
0 / TN T A I O O T S O P T TSR |
0 15 30 45 60 75 90

Finishing time 7, min

Fig. 9 Change in surface roughness Ra and material removal M as a
function of MAF processing time
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by Eq. (5). In other words, the current density can indirectly be
controlled by voltage applied to electrodes.

J =1/ A, (5)

where “J” is current density, “I” is electrolytic current, and “A”
is area of cathode. Thus, it can be found that the current den-
sity “J” as an important parameter of electrolytic process is
proportional to the electrolytic current “7” and inversely pro-
portional to the area of cathode “A” through Eq. (5). After
each step of electrolytic process experiment, the surface
roughness of workpiece is measured through a non-contact

Table 2 Experimental conditions of electrolytic process

Conditions of electrolytic process

Workpiece SUS304 plane (100 x 100 x 1 mm)
Original roughness 0.39 um R,

Working gap 1 mm

Stage feeding speed 5 mm/s

Tool rotational speed 450 rpm

Working voltage 8V

Electrolyte NaNOs (20 wt%)

Flow rate 300 ml/min

Electrolytic test time 10 min
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optical profiling microscope; the images of finished surface
are observed by a scanning electron microscope.

5.2 Experimental results and discussions of electrolytic
process

Figure 10 shows a series of SEM photographs of surface before
the electrolytic process and after the electrolytic process. The
initial hairline of unfinished surface can be clearly seen through
the SEM photograph (1000 times) of Fig. 10a. Figure 10b~f
respectively shows the SEM photographs (1000 times) of fin-
ished surface at 2-, 4-, 6-, 8-, and 10-min electrolytic process
experiment obtained by a scanning electron microscope.
Compared with the surface of workpiece before machining, it
can be clearly found that the initial hairlines of surface have been
almost completely removed. However, a lot of micro-porous
generate on the surface of workpiece. Furthermore, under the
action of electrolytic process, the number of micro-porous in-
creases with the finishing time increases; the size of micro-
porous becomes small with the finishing time increases, and
the depth of micro-porous also deepens.

In order to investigate the optimal parameters of electrolytic
process, the differences of surface roughness R, and material
removal weight M have been quantitatively compared and esti-
mated at different finishing time of electrolytic process (per
2 min). Figure 11 shows the change in surface roughness R,
and material removal weight M at different finishing times of
electrolytic process. With the finishing time increases, it is noted
that the surface roughness remarkably descends from 394.81 to
160.03 nm R, at 4-min finishing time of electrolytic process, and
then the surface roughness R, increases when the finishing time

of electrolytic process is more than 4 min; the material removal
weight M continuously keeps increasing during 10-min electro-
lytic process test, but the rate of material removal weight M
before 4-min electrolytic process test is higher than that after 4-
min electrolytic process test. After the action of electrolytic pro-
cess, the surface of SUS304 plane will accumulate a large num-
ber of passive films which can make the electrolytic current
gradually to decrease, and then the eluting amount of metal ions
will decrease. It may be the main reason for that the surface
roughness R, increases after 4-min electrolytic process test, and
the rate of material removal weight M before 4-min electrolytic
process test is higher than the rate of material removal weight M
after 4-min electrolytic process test.

5.3 Experimental conditions of EMAF

The EMAF process step is conducted in one step simulta-
neously for combining electrolytic process and MAF process.
Although the surface can be leveled through electrolytic pro-
cess, generated passive films by the action of electrolytic pro-
cess will affect the accuracy of surface. Thus, in order to
completely remove passive films, electrolytic process has to
be stopped before MAF process. Since over a long period
electrolytic process can lead to the formed passive films thick-
en, the finishing time of EMAF process step is selected as
4 min. After EMAF process, electrolytic process is stopped
and MAF process continues to be conducted for 41 min. The
total EMAF finishing time is selected as 4, 15, 25, 35, 40, and
45 min to observe and compare the difference of polishing
surfaces during different steps of MAF process. The detailed
experimental conditions of EMAF are shown in Table 3. The

(a) As received
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Fig. 10 Macroscopic confocal images of unfinished surface and finished surface in various conditions after 2-, 4-, 6-, 8-, and 10-min experiments
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Fig. 11 Change in surface roughness R, and material removal M as a
function of electrolytic processing time

sodium nitrate 20 wt% is used as electrolyte and flows at
300 ml/min. Electrolytic current is set as 2.5 A through an
8 V DC constant voltage. According to Eq. (5), the current
density can be indirectly controlled by voltage applied to elec-
trodes. After each step of EMAF process tests, surface rough-
ness R, of workpiece is measured through a non-contact op-
tical profiling microscope; the image of finished surface is
observed by a scanning electron microscope.

5.4 Experimental results and discussions of EMAF process

Figure 12 shows the non-contact 3D measurement of finished
surface at 45-min EMAF process experiment (it includes 4-
min EMAF process and 41-min MAF process) obtained
through a non-contact optical profiling microscope.
Compared with the surface profile of workpiece before ma-
chining, it can be clearly seen the change in removal depth 4,
at45-min EMAF process, and the surface profile of workpiece
tends to be planarized. Furthermore, compared with the

Table 3  Experimental conditions of EMAF process

Conditions of EMAF process

Workpiece SUS304 plane (100 x 100 x 1 mm)
0.39 um R,

Electrolytic iron powder (149, 75, and 30 pm in

Original roughness
Compound magnetic

abrasives mean diameter)

WA particles #800, #4000, #8000, #10000
Oily grinding fluid

Working gap 1 mm

Stage feeding speed 5 mmy/s

Tool rotational speed 450 rpm

Working voltage 8V

Electrolyte NaNOs (20 wt%)

Flow rate 300 ml/min

EMAF test time 4 min (EMAF) + 41 min (MAF)

@ Springer

surface profile of workpiece during traditional MAF process,
it can be obviously found that the surface roughness R, of
EMAF process is a little better than the surface roughness R,
of traditional MAF process.

The SEM photograph of original surface before EMAF
process is shown in Fig. 13a. The initial hairline of unfinished
surface can be clearly seen through the SEM photograph.
Figure 13b shows the SEM photograph of finished surface
after the first finishing step (4-min EMAF process). It can be
seen that a small amount of micro-porous still exists on the
finished surface through the SEM photograph. Moreover, it
also indicates that when two kinds of finishing processes si-
multaneously are executed, the action of MAF process can not
completely remove the generated passive films from electro-
lytic process. The SEM photograph of finished surface after
the second finishing step (41-min MAF process) is shown in
Fig. 13c. Compared with the original surface of workpiece, it
can be clearly found that the initial hairline of surface has been
almost completely removed. Furthermore, it also can be con-
firmed that MAF process plays an essential role during the
EMAF process.

Figure 14 shows the change in surface roughness R, and
material removal weight M under different finishing times of
EMAF process. The measurement of change in surface rough-
ness R, is operated through a non-contact optical profiling
microscope. With the finishing time increases, the surface
roughness descends from original surface roughness 393.08
to 268.44 nm R, after the first finishing step (EMAF process),
and then the surface roughness continues to descend from
268.44 to 31.58 nm R, after the second finishing step (single
MAF process). It is noted that the surface roughness firstly
descends from 393.08 to 30.94 nm R, at 40-min EMAF pro-
cess test, and then the surface roughness R, becomes stable
after 40-min EMAF process test. The change in material re-
moval weight M is measured through a high-precision elec-
tronic scale. The material removal weight M markedly con-
tinues to increase with the finishing time increases, but the rate
of material removal weight M during the first finishing step (4-
min EMAF process) is obviously higher than the rate of ma-
terial removal weight M during the second finishing step (41-
min MAF process). Moreover, compared with the material
removal rate of single MAF process, the material removal rate
of EMAF process step is nearly three times than that of single
MAF process step. Then, the change in surface roughness R,
is mainly caused by EMAF process itself. The removal depth
h,. can be calculated by the following Eq. (6).

m / App, (6)

[3399x 1)

where “m” is mass of material removal, “A,,” is working area,
and “p” is density of material. According to the result of ma-
terial removal weight M shown in Fig. 14, the removal depth
h, ranged from 0 to 2.4 um. Yet, the surface roughness R, has
little change when finishing time is more than 40 min. It is

hr =
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Fig. 12 Non-contact 3D
measurement of unfinished
surface and finished surface after

Unfinished surface

Finished surface after 40 min EMAF
process

40-min EMAF process
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Fig. 13 Macroscopic confocal images of unfinished surface and finished surface in various conditions after the first finishing step and second finishing

step experiments

probably because removal depth £, is larger than the value of
original roughness. Moreover, the effects of electrolytic pro-
cess and magnetic abrasive have reached to finishing balance.
Therefore, the surface roughness no longer declines. During
the EMAF process, a large amount of metal ions dissociate
from the surface of workpiece. Thus, the rate of material re-
moval weight M before 4-min EMAF process (EMAF process

EMAF MAF
400 >} » 20
=o=—Surface roughness, Ra !
E 4
B350 4 Material removal, M | 16 é‘)
S
m -
2 =
2 240 | 12 =3
5 | g
g B
o 160 18 =
g CE
= 2
{ <
2 g0 | 1y S
0 —— : : s : : : e (]
0 10 20 30 40

Finishing time 7, min

Fig. 14 Change in surface roughness R, and material removal M as a
function of EMAF processing time

step) is higher than the rate of material removal weight M after
4-min EMAF process test (single MAF process step).

Finally, the comparison of EMAF process and MAF process
is shown in Fig.15. It is recognized that the material removal
efficiency of EMAF process is remarkably higher than that of
traditional MAF process, and the surface quality of EMAF
process is a little better than that of MAF process. Therefore,
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Fig. 15 The comparison of EMAF process and MAF process for surface
roughness R, and material removal M
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Fig. 16 EDX analysis of unfinished surface and finished surface by different machining processes

this new finishing process can be proven to more efficiently
polish SUS304 plane than the traditional MAF process.

6 EDX analysis of surface composition
The homogeneity of finished surface materials as an important

parameter is investigated by energy-dispersive X-ray spectros-
copy (HITACHI S 4500 & HITACHI TM 3030 Plus) to

evaluate the change in elemental composition during different
finishing processes. Figure 16 shows the energy-dispersive X-
ray (EDX) of finished surface after different finishing process-
es. The composition of original surface is shown in Fig. 16a. It
can be confirmed that the major composition of SUS304 is
constituted by Fe, Cr, Ni, and other elements through Fig. 16a.
Figure 16b~d respectively shows that composition of finished
surface through MAF process, electrolytic process, and
EMAF process. Compared with the composition of original

Fe

Cr Ni

Original
surface

Finished
surface

Fig. 17 Representative SEM images and elemental mapping of Fe, Cr, and Ni elements
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surface, it can be found that the composition of finished sur-
face by MAF process and the composition of finished surface
by EMAF process are similar to the composition of original
surface. During the MAF process, the workpiece surface is
processed by mechanical stress; thus, the composition of ma-
chined surface is not any change. Through comparing Fig. 16a
and Fig. 16d, it can be revealed that the formed passive films
have been almost completely removed during the total EMAF
process; then, the original material exposes on the surface.
However, Fig. 16¢ shows that the composition of finished
surface through electrolytic process is significantly different
from the composition of original surface. As previously men-
tioned, a large amount of metal ions have been dissolved out
on the surface of the workpiece under the action of electrolytic
process. Moreover, the eluted elements such as Fe**, ¢,
Fe?*, Cr**, and Ni*? combine with OH™ (Eq. (2)); the
Fe(OH);, Fe(OH),, Cr(OH)s, Cr(OH)3, and Ni(OH), precipi-
tate to be generated in the electrolyte [33]. It is the main reason
for that the content of Fe, Cr, and Ni elements during electro-
lytic process is less than the content of original surface
composition.

Obviously, it can be confirmed that the electrolytic process
is a main reason for leading to change in the content of fin-
ished surface composition. Since the major composition of
SUS304 material is constituted by Fe, Cr, and Ni elements;
thus, Fig. 17 depicts some representative images of Fe, Cr, and
Ni elements along with the local elemental distribution map-
ping. The main compositions of original surface before elec-
trolytic process are shown in Fig. 17a; the change in main
compositions of the finished surface after electrolytic process
is shown in Fig. 17b. By comparing the analysis results, it can
be revealed that a lot of large black dots which cannot be
identified substance shown in white circle inner generates on
the finished surface, and the content of each element signifi-
cantly decreases during electrolytic process. The results also
completely conforms that electrochemical reactions occur dur-
ing the electrolytic process. In addition, the local elemental
mapping indicates that the distribution of Fe, Cr, and Ni ele-
ments becomes non-uniform after electrolytic process.

7 Conclusion

This paper proposed plane magnetic abrasive finishing com-
bined with the electrolytic process, which is used to finishing
SUS304 stainless steel plane. The main conclusions are sum-
marized as follows:

1. The proposed plane magnetic abrasive finishing com-
bined with the electrolytic process method has successfully
achieved efficient precision machining. Additionally, a novel
designed electrolytic magnetic compound machining tool has
been successfully applied in EMAF process tests to

simultaneously achieve two different processes (MAF process
and electrolytic process).

2. The results of experiments show that the surface rough-
ness can reach to 41.49 from 390.98 nm R, by 75-min tradi-
tional MAF process; the surface roughness descends from
393.08 to 30.94 nm R, by 40-min EMAF process.

3. The results of EDX analysis have revealed that the elec-
trolytic process is regarded as the main effect for the change in
content of surface composition and soften surface during the
EMAF process. Since the electrolytic magnetic abrasive
finishing can soften the surface of workpiece, the material
removal weight M of total EMAF process is nearly six times
than that of single traditional MAF process.

4. Through contrasting with traditional MAF process, it is
confirmed that EMAF process can a little obtain higher quality
surface, and machining efficiency is improved by about 50%.
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