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A new finishing process that uses magnetic force with high efficiency to assist discharging dregs from the
electrode gap during electrochemical finishing on freeform surfaces is investigated in the current study. The
factors affecting electrochemical finishing and the effects of magnetic assistance are primarily discussed.
The main experimental parameters are magnetic strength, distance between the two magnets, diameter of
the electrode, current density, the on/off period of pulsed current, and rotational speed of the wire electrode.
Providing a large magnetic field intensity or using a smaller distance between the two magnets produces a
larger magnetic force and discharge efficiency, and results in a better finish. A higher current density with
magnetic assistance reduces the finishing time and avoids difficulties in dreg removal. A high rotational
speed of the wire electrode produces a better finish. Pulsed direct current can slightly promote the effect of
electrochemical finishing, but the current density needs to be higher. Magnetic assistance during the
electrochemical finishing process makes a greater contribution in a shorter time making the surface of the
workpiece smooth and bright.

Keywords electrochemical finishing, finishing processes, mag-
netic assistance, magnetic force, surface finish, wire
electrode

1. Introduction

When a coil or solenoid is placed near a metallic conductor
and pulsed via stored energy from a capacitor bank, a magnetic
field is generated between the coil and the workpiece. If done
quickly enough, the magnetic field is excluded from penetrating
the work piece for a short period of time. During this time,
pressure is generated on the workpiece that is proportional to
the magnetic flux density squared. This ‘‘magnetic’’ pressure is
what provides the formation energy. The energy is usually
supplied to the workpiece in the form of kinetic energy. The
magnetic pressure pulse accelerates the work piece up to a
certain velocity (such as 200-300 m/s). This kinetic energy
drives the material into the die, causing formation on impact
(Ref 1). Electromagnetic metal formation (EMF) is an example
of a high-speed process that is determined by the dynamics of a
coupled electromagnetic-mechanical system. EMF technology
has been in existence for over 30 years, but has not seen
widespread acceptance among manufacturing engineers. EMF
is the direct conversion of electrical energy into useful
electromagnetic forces used to form metal. More applications
include embossing, blanking, formation, and drawing. EMF
works by the magnetic induction effect. Another reason for
choosing EMF is to form sheet materials in a different way than
conventional processes to improve surface quality. EMF can

eliminate sheet surface problems present in conventional metal
formation methods such as stretching stringers or marring from
punches (Ref 2, 3). Surface roughness plays an important role
in product quality, particularly in situations such as precision
fits and high-strength applications. Magnetic abrasive finishing
(MAF) is a precise polishing method that the cutting tool is a
group of magnetic abrasives, where the abrasion pressure is
controlled by a magnetic field. A limited amount of material
will be removed by conducting a relative motion between the
work surface and the abrasives, so as to obtain a mirror-like
finished surface. Owing to the magnetic field, the magnetic
abrasives will gather to form a flexible magnetic brush. Thus,
the magnetic abrasives can move and polish along the profile of
a complex surface, so the surface with complex shapes can be
finished. Furthermore, the disturbances from the structure due
to vibration or chatter will not affect the quality of the finished
surface (Ref 4, 5). MAF is relatively a new finishing process
among the advanced finishing processes in which the work-
piece is kept in the magnetic field created by two poles of an
electromagnet. The working gap between the workpiece and
the magnet is filled with magnetic abrasive particles. A flexible
magnetic abrasive brush is formed, acting as a multipoint
cutting tool, due to the effect of magnetic field in the working
gap. This process is capable of producing the surface finish of
nanometer range. Most of the researchers have been using the
electromagnet having a slot in it to improve the performance of
the process but hardly any information is available about its
effect on the process performance (Ref 6). The stability of
EDM gap condition significantly affects the machining char-
acteristics. The machining performance improves when the
debris is expelled from the machining gap fast and easily.
Therefore, when assistant magnetic poles were attached to
EDM machine, the machining zone generates a magnetic force
to drive the suspending debris expelling from the machining
gap. The debris stacked on the machining zone can be reduced,
so the machining condition becomes more stable to improve the
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machining performance. In this investigation, the magnetic
poles were attached on EDM to explore the effects of assistant
magnetic force on EDM machining characteristics (Ref 7, 8).

Electrochemical machining (ECM) is one of the well-
established, nontraditional manufacturing processes. It is an
effective method for the machining of complex shapes (Ref 9).
ECM uses a sufficient current density for the removal of an
electrically conductive metal by anodic dissolution when the
anode and cathode are separated by a narrow gap containing a
high-pressure flowing electrolyte (Ref 10). ECM is suitable for
high-strength and high-melting point alloys. More industrial
applications have been realized throughout the decades, such as
electrochemical drilling, electrochemical grinding, electro-
chemical deburring, and electro-polishing (Ref 11). The
experimental results have shown that the quality of the
machined surface will be influenced by the current density,
flow rate of electrolyte, and the gap width (Ref 12). Electro-
polishing is an electrochemical process that actually removes
surface material by removing the high points on the micro-
scopic surface; the electropolishing process will improve the
surface, leaving it smoother and more reflective. Shen (Ref 13)
used NaNO3 as the electrolyte to carry out electropolishing of a
die surface. The results showed that the surface roughness of
the workpieces decreased with an increase of current density,
flow rate, and concentration of electrolyte. Moreover, polishing
with pulsed direct current is found to be better than the
continuous direct current. The term �dregs� refers to the
electrolytic product that develops in the machining gap during
the process of electrochemical machining (Ref 14). The gap
width between the electrode and the workpiece directly
influences the electrical current condition and the dreg dis-
charge. The pulsed electrochemical finishing (PEF) with an
interelectrode gap, made as small as possible, could smooth the
anode surface quickly. With a constant gap size, the current
density and the machining time are the two key parameters
influencing the smoothing effect. An online monitoring system
was proposed (Ref 15). The machining resolution is limited to a
few micrometers by applying ultrashort pulses of nanoseconds
duration, which allows microstructures to be machined by
ECM (Ref 16). Electropolishing is a very effective technique
for achieving mirror-like surfaces on many metals. For many

applications, a smooth and bright surface is essential and
electropolishing is the best technique for this. Additionally, it is
recognized that highly polished surfaces are easier to maintain
in a high state of cleanliness (Ref 17). The electrochemical
machining process is still underutilized because of a lack of
understanding of the metal removal mechanism and the
inefficient tool design and methodology being used. Even for
simple cases, it is impossible to predict work profiles accurately
(Ref 18). Good surface quality of the workpiece was obtained
through the arrangement of the experimental conditions. A
disc-form electrode and a borer-shaped type of electrode were
also developed for electropolishing (Ref 19, 20).

A better design process is useful for effective flushing, as the
dregs are easily discharged from the gap, and a better material
removal effect is produced (Ref 14, 19). The potential for the
design of magnetic assistance during the surface finish is yet to
be explored. Thus, the application of using a magnetic force to
discharge dregs from the electrode gap during electrochemical
finishing is crucial to the surface finishing process. The current
study discusses the design features of the performance assess-
ment on discharging dregs using magnetic force. The freeform
surface uses a magnetic system and an effective wire-form
electrode supplied with continuous and pulsed direct current
during electrochemical finishing. An effective evaluation of the
magnetic-assistance finishing processes is expected to result in
more use for the freeform surface finishing in the future.

2. Equipment for Magnetic Assistance
and the Experimental Setup

The relationship of the expected requirements and the
design target of an effective design for magnetic assistance in
electrochemical finishing are illustrated in Fig. 1 (Ref 14, 19, 21).
It is referenced on a scientific design process method with an
analysis that includes design considerations, design develop-
ment, design details, and experimental analysis to implement
the final design (Ref 22-24). The experimental setup of a
finishing process using magnetic assistance in electrochemical
finishing is illustrated in Fig. 2, and includes a magnetic
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Fig. 1 Relationship of requirement expectation and design target (Ref 14, 19, 21)
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system, DC power supply, pulse generator, pump, flow meter,
electrolytic tank, and filter. The schematics and configuration of
the magnetic assistance system, electrodes, and workpiece are
shown in Fig. 3.

The material used for the experimental workpiece is
high-speed steel (HSS), the code number is SKH 57 (JIS) or
S-6-5-2-5 (DIN). The chemical composition is shown in
Table 1 (Ref 25). The initial average end-surface roughness of
the workpiece after precise machining is 3.5-4.5 lm (Ref 26).
The magnetic-assistance electrochemical finishing (MEF) pro-
cess is used as a finish operation instead of the conventional
hand or machine polishing used in the experiment. The amount

of reduction of the workpiece surface after electrochemical
finishing is 20 lm, which is designed in the processes for the
dimensional control of parts. The different features for the
finishing process include electrochemical finishing (EF), PEF,
MEF, and magnetic-assistance pulsed electrochemical finishing
(MPEF). The settings of the experimental parameters are shown
in Table 2. After different finishing processes, all workpieces
are measured using the surface roughness measurement (Hom-
mel T500, the accuracy is within ±5% after standard correc-
tion). The surface roughness is characterized by Ra, where the
length of cutoff is 0.8 mm, and the measuring direction is
perpendicular to the tooth mark. The measuring data is chosen
from at least two different locations.
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Fig. 2 Experimental setup
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Fig. 3 Configuration of magnetic assistance system

Table 1 Chemical composition of the workpiece

Wt.% Fe C Si Mn P S Cr W Mo V Co Ni

SKH 57 (S-6-5-2-5) REM. 1.25 0.25 0.35 0.023 0.01 4.15 10.00 3.5 3.45 10.00 /

Table 2 Experimental parameters

Magnetic field intensity, Gausses 1500, 2000, 2500, 3000
Distance between the
two magnets, mm

80, 90, 100, 110, 120

Gap width between electrodes, mm 0.3, 0.4, 0.5, 0.6
Current density, A/cm2 15, 30, 45, 60
Flow rate of electrolyte, L/min 5, 10, 15, 20, 25
Diameter of wire electrode, mm 2, 4, 6, 8, 10, 12
Pulsed period (on/off time), ms/ms 100/100, 100/200, 100/300,

100/400, 100/500
Rotational speed of electrode, rpm 200, 400, 600, 800, 2000, 1200
Different finish process EF, PEF, MEF, MPEF
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3. Results and Discussion

Figure 4 shows that the optimal finish time and current
density are correlated. The higher the current density (30 A/
cm2), the shorter the time (32 s) needed for a better finish to be
achieved by MEF. Figure 4 also illustrates that magnetic force
indeed helps electrochemical finishing, since magnetic force is
very effective in dreg removal (Ref 14). The use of a lower
current density can thus be replaced by a higher current density
aided by magnetic assistance to promote finishing efficiency.
Figure 5 shows that a small distance between the two magnets
provides a larger magnetic force and dreg discharge rate and a
better finish. Figure 6 illustrates the effects of the wire-form
electrode�s diameter. A small diameter provides more open
space for dreg discharge and produces a better finish effect in
the current study (Ref 14, 19). Figure 7 illustrates that a large
magnetic strength (magnetic field intensity) produces a better
finish. The reason being that the magnetic force allows the
electrolyte to remove the dregs from the tight machining gap
more rapidly. These effects streamline the electrochemical
reaction and improve the finish quality. Figure 8 shows that an
adequate gap width between the electrode and the workpiece
produces a better finish. The proper gap width can not only
facilitate the removal of electrolytic products, but also provide
adequate and prompt smooth flow of the electromagnetic

forces, which further assists in the removal of electrolytic
products. It is apparent that the finishing effect is better when
the gap width is between 0.3 and 0.4 mm. A smaller gap width
makes the discharge of electrolytic depositions from the gap
difficult, and the finishing effect is reduced. A large gap width
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Fig. 4 Effects of current density of MEF (SKH 57, NaNO3

20 wt.%, 15 L/min, 2500 Gauss, 32 s, continuous DC)
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Fig. 5 Magnetic-assistance electrochemical finishing using different
distance between two magnets (SKH 57, NaNO3 20 wt.%, 15 L/min,
2500 Gauss, 30 A/cm2, 32 s, continuous DC)
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Fig. 6 Magnetic-assistance electrochemical finishing at different
electrode diameter (SKH 57, NaNO3 20 wt.%, 15 L/min, 2500
Gauss, 30 A/cm2, 32 s, continuous DC)
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Fig. 7 Effects of magnetic field intensity in MEF (SKH 57, NaNO3

20 wt.%, 15 L/min, 30 A/cm2, 32 s, continuous DC)
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Fig. 8 Magnetic-assistance electrochemical finishing at different gap
width between electrode and workpiece (SKH 57, NaNO3 20 wt.%,
15 L/min, 2500 Gauss, 30 A/cm2, 32 s, continuous DC)
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limits the effect of electrochemical finishing (Ref 14, 19). Thus,
a gap width of 0.4 mm is more effective in the current
experiment.

Figure 9 illustrates the use of electrode rotation. A higher
rotational speed of the electrode produces a better finish. A high
rotational speed supplies kinetic energy to the electrolyte for
dreg discharge and produces a better effect for the electro-
chemical finishing process. The electrolytic products can be
quickly removed as a result of the combination of the effects of
the electromagnetic forces and the higher rotational speed of the
electrode. Figure 10 shows the effects of pulsed direct current.
A longer off-time is slightly more advantageous because the
removal of electrochemical finishing dregs and cuttings during
the off-time is more complete. The effects of the electromag-
netic forces facilitate a prompt removal of the electrolytic
products during the off-time.

However, the machining time of the pulsed direct current is
longer and the cost is higher. Figure 11 shows the evaluation of
the finish effect of four process features. Both the magnetic
assistance and the pulsed current can further improve electro-
chemical finishing. The former not only performs better, but
also has a significant economic advantage. The finish time
when using magnetic assistance will not be as long as with

the pulsed current. In fact, the off-period is often several times
as long as the on-period. Owing to the effective discharge of
electrolytic dregs and lower cost, magnetic assistance is the
recommended process feature rather than the PEF. Figure 12
demonstrates the photograph of the workpiece (SKH 57) after
executing the MEF process. The average contribution of
MPEF to surface finish is 61%, and that of pulsed current is
39% (Fig. 13). In summary, the design using magnetic
assistance produces the most influential parameters in this
study. According to the formula of theoretical removal rate on
alloy from Faraday�s Law (Ref 10):

R ¼ gI

FAq nA
MA

aA þ nB
MB

aB þ � � �
� � ðEq 1Þ

where g is the efficiency of current, I is the current, t is time,
F is the Faraday constant, ni is the atomic number, ai is the
proportion of chemical composition, and Mi is the atomic
mass, A is the electrochemical machining area, q is the den-
sity of workpiece, and R is the removal rate in the longitudi-
nal direction.
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Fig. 9 Effects of rotational speed of electrode in MEF (SKH 57,
NaNO3 20 wt.%, 15 L/min, 2500 Gauss, 30 A/cm2, 32 s, continuous
DC)
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Fig. 10 Magnetic-assistance electrochemical finishing through
continuous and pulsed direct current (SKH 57, NaNO3 20 wt.%,
15 L/min, 2500 Gauss, 30 A/cm2, continuous DC)
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Fig. 12 Outward appearance of workpiece (SKH 57) after MEF
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Let w ¼ W=At ðEq 2Þ

w ¼ gI

FA nA
MA

aA þ nB
MB

aB þ � � �
� � ðEq 3Þ

and fv ¼ w=q ðEq 4Þ

IA ¼ I=A ðEq 5Þ

fv ¼
gIA

Fq nA
MA

aA þ nB
MB

aB þ � � �
� � ðEq 6Þ

¼ gVr

Fq nA
MA

aA þ nB
MB

aB þ � � �
� � ðEq 7Þ

where A is the electrochemical machining area, q is the den-
sity of the workpiece, fv is the etching rate in the longitudinal
direction, IA is the current density, V is the voltage of the gap
width, and r is the reciprocal resistance.

From the above equations, the theoretical feed rate of
workpiece during the same material etching rate can be
calculated. Where g, I, F, and A are regarded as constant for
the material. Compared with the experiment results, the
removal is directly proportional to the current density (IA)
and agrees well with the theoretical prediction. Controlling the
reciprocal resistance (r) can stabilize the finishing effect, and
as a result, increased discharge mobility (providing a small
distance between the two magnets, a small diameter of wire-
form electrode, a large magnetic strength, a longer off-time of
pulsed direct current, or a higher rotational speed of the
electrode assists the removal of dregs from the electrode),
guiding discharge transport, and providing a flushing passage
will provide reciprocal resistance (r) the stability, and produce
a better finish.

4. Conclusions

Magnetic-assistance electrochemical finishing can be used
for freeform surfaces to assist the removal of dregs from the
electrode gap during electrochemical finishing. With magnetic

assistance, the electrolytic products can effectively prevent
unwanted attachment to the electrodes and rapidly discharge
dregs from the gap. For the experimental processes, a small
distance between the two magnets or large magnetic field
intensity provides a larger magnetic force, better discharge
ability, and a better finish. A higher current density with
magnetic assistance can avoid the difficulties related to dreg
discharge, and thus reduce the finishing time. A pulsed current,
instead of continuous current, provides an off-period for better
dreg discharge. The use of MEF saves the need for precise
machining, making the total process time less than that of the
traditional polishing, which is more evident in improving the
finish effect. In addition, the cycle time is no longer than that of
the PEF. One should use the most effective magnetic assistance
in electrochemical finishing, and take advantage of the low cost
of equipment as well.
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