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Chapter 1 Introduction 

1.1 Introduction 

1.1.1 Introduction of SUS304 stainless steel materials 

  In this research, the SUS304 stainless steel plane as workpiece was used to be polished. 

Firstly, the basic characteristic of SUS304 stainless steel materials will be investigated and 

introduced in this chapter. The SUS304 stainless steel as a kind of 18-8 series austenitic 

stainless steel is a common stainless steel material. The crystal structure (metallography) of 

austenite is shown in Figure 1.1[1-4]. The physical property and chemical composition of 

SUS304 stainless steel is respectively shown in Table 1.1 and Table 1.2. Because of good 

corrosion resistance, heat resistance, low temperature strength and mechanical properties, 

stamping, bending and other good hot workability, no heat treatment hardening 

phenomenon, and other outstanding advantages [5]. The SUS304 stainless steel material 

has been widely used in tableware, building materials, automobile parts, medical 

instruments, chemical products, semiconductor industry, ship components, atomic force, 

aero-space industry and so on. 

 

Fig. 1.1 The crystal structure (metallography) of austenite 
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Table 1.1 The physical property of SUS304 stainless steel 

Tensile strength σb ≥ 520 Mpa 

Conditional yield strength σ0.2 ≥ 205 MPa 

Elongation δ5 = 40% 

Reduction in area  ψ (%) ≥ 60 

Hardness HB ≤ 187, HRB ≤ 90, HV ≤ 200 

Density (20 ° C, g / cm 3) 7.93 

Melting point (° C) 1398 ～ 1454 

Specific heat capacity (0 to 100 ° C, KJ · kg-1K-1) 0.502 

Thermal Conductivity (W · m-1 · K-1) (100° C) 16.3; (500° C) 21.5 

Linear expansion coefficient (10-6 · K-1) (0～100° C) 16.3; (100～500° C) 21.5 

Resistivity (20C, 10-6Ω·M) 0.73 

Longitudinal elastic modulus (20 ° C, KN / mm 2) 193 

Young's modulus E = 194020 MPa 

Hardening index n = 0.193 

 

 

Table 1.2 The chemical composition of SUS304 stainless steel 

Fe (%) Cr (%) Ni (%) Mn (%) Si (%) C (%) P (%) S (%) 

67～72 17～19 8～11 ≤ 2.00 ≤ 1.00 ≤ 0.07 ≤ 0.035 ≤ 0.03 
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1.1.2 Summary of available SUS304 stainless steel machining processes 

Generally, there are six kinds of polishing methods for SUS304 stainless steel machining 

processes. There are respectively mechanical polishing, chemical polishing, electrolytic 

polishing, ultrasonic polishing, fluid polishing and magnetic abrasive polishing. (a) 

Through cutting the plastic deformation of surface material to remove the protrusions of 

polished surface to obtain smooth surface, which is called mechanical polishing method.  

Employing this method, the surface roughness can reach 0.008 µm. (b) The principle of 

chemical polishing is that since the protruding portions are closer to cathode than the 

concave portions of workpiece, the current density of protruding portions is larger and 

eluted rate is also relatively faster. Thereby, these protruding portions of workpiece are 

preferentially leveled during electrolytic process, and the surface precision polishing can 

be completed by elution. The main advantage of this method is that the shape of the 

complex parts can be polished and a lot of workpieces simultaneously efficiently can be 

polished without complex finishing equipment. Generally, the surface roughness of 

polished workpiece can reach to several tens μm by chemical polishing. (c) The basic 

principle of electrolytic polishing is as same as chemical polishing. Compared with the 

chemical polishing, the electrolytic polishing can eliminate the impact of the cathode 

reaction and the effect of chemical polishing is better. (d) Ultrasonic polishing is to place 

the workpiece in the abrasive suspension and place it in the ultrasonic field together, the 

surface of workpiece is polished by the oscillating effect of the ultrasonic wave. Since the 

ultrasonic machining macroscopic force is small, it does not cause deformation of the 

workpiece. However, the fabrication and installation of machining tool is difficult. (e) 

Fluid polishing is to rely on high-speed flow of liquid and abrasive particles to polish the 

surface of workpiece. Common methods are: abrasive jet processing, liquid jet processing, 
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hydro-dynamic grinding and so on. (f) Magnetic abrasive polishing is using magnetic 

abrasive under the action of magnetic field to form magnetic brush to polish the surface of 

workpiece. This processing method is high efficiency, good quality, easy to control the 

processing conditions, good working conditions.  With a suitable abrasive, the surface 

roughness can reach Ra 0.1 μ m. 

As the method of electrolytic polishing, fluid polishing and other methods are difficult to 

accurately control the geometric accuracy of workpiece. In addition, polished surface 

quality can satisfy the requirements of surface quality through chemical polishing, 

ultrasonic polishing, magnetic polishing and other methods. Thus, the mirror processing is 

still based on mechanical polishing. 

Table 1.3 Polishing methods and polishing effects of SUS304 stainless steel material 

Polishing methods of SUS304 stainless steel material Polishing effects 

a. Mechanical polishing Ra: 0.008 µm 

b. Chemical polishing Ra: 10 µm 

c. Electrolytic polishing Ra  < 1µm 

d. Ultrasonic polishing ------ 

e. Fluid polishing ------ 

f. Magnetic abrasive polishing Ra: 0.1µm 
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1.2 Developing history of magnetic abrasive finishing  

Magnetic abrasive finishing technology was initially proposed from by the former 

Soviet Union engineer Kargolow in 1938. Since the 1960s, the MAF research and 

application technology have been researched and conducted by many researchers from the 

former Soviet Union such as Knoovalov, Hulev, Baron and Saluievich, etc.. As the basis of 

magnetic processing is magnetic abrasive, a lot of experimental work has been conducted 

for the preparation of magnetic abrasive in the former Soviet Union. The former Soviet 

Union researchers have obtained many invention patents through the research of magnetic 

abrasive composition, ratio and structure. The popularity has expanded to Germany, Poland 

and the USA, Bulgaria and so on since 1960’s [6]. The research journal about magnetic 

abrasive finishing process or magnetic abrasive machining process was found earliest in 

the USSR in 1974. However, according to the report the method was developed in USSR 

during the Soviet Union era. The research paper was regarding the finishing of cylinder bar 

external diameter and flat surface finishing. There was also research paper regarding 

deburr for hydraulic pumps gears and edges deburr finishing method. Bulgaria researchers 

have been developing the MAF technology since the mid-1970s and have been conducting 

the research of composite magnetic abrasive since the late 1980s. It was reported that 

during the 1980’s many researches regarding magnetic slurry and magnetic abrasive 

finishing machine was conducted in Bulgaria and Soviet. Applications regarding MAF for 

the purpose of edge finishing were mostly conducted in Germany. The researchers of Japan 

have carried out the MAF research since the early 1980s, and a lot of magnetic abrasive 

finishing equipments have been developed by them. Representative researchers are Takeo 

Shinmura, Toshio Aizawa from Japan Utsunomiya University; Masahiro Anzai, Koichi 

Masaki from Japan's Tokyo University and so on. Anong them, Takeo Shinmura developed 
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a variety of magnetic abrasive finishing equipments which can process ferromagnetic 

workpiece and non-ferromagnetic workpiece, such as plane magnetic abrasive finishing 

device, cylindrical inner and outer surfaces magnetic abrasive finishing device, spherical 

magnetic abrasive finishing device, and so on [7-10]. Then, Takeo Shinmura respectively 

researched these finishing characteristics [11-13]. Some of these processing equipments 

adopted permanent magnets to produce a constant magnetic field; some of these processing 

equipments used the electromagnets to form the intensity to control the magnetic field; 

some of these processing equipments exerted a certain amplitude and frequency of 

vibration for the moving workpiece to achieve magnetic abrasive finishing; some of these 

processing equipments utilized the method of producing a rotating magnetic field to 

achieve magnetic abrasive finishing. Takeo Shinmura not only developed a variety of 

magnetic abrasive finishing equipments, but also conducted more in-depth theoretical 

analysis and experimental research in a variety of processing conditions, such as magnetic 

field strength, machining gap, relative velocity of abrasive and workpiece, composit ion of 

magnetic abrasive and particle size and other factors effect on the quality and efficiency of 

processing. Masahiro Anzai has conducted the research for the preparation technology of 

magnetic abrasive, and them successfully researched and developed several valuable 

magnetic abrasives [14]. The used magnetic abrasive preparation methods include: plasma 

powder melting method (PPM), ferromagnetic metal materials and abrasive fiber mixing 

method, liquid magnetic abrasive. Compared with the high temperature sintering method, 

the characteristics of these magnetic abrasive preparation methods are simple, low cost and 

high using value. 

Since the 1990s, Japan and abroad have emerged Hitomi Yamaguchi,  Kiyoshi Suzuki, 

Vijay Kumar Jain, Suhas S. Joshi, Shaohui Yin, Yanhua Zou and other outstanding 

http://www.inderscienceonline.com/author/Jain%2C+Vijay+Kumar
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researchers for magnetic abrasive finishing technology. Yamaguchi has developed method 

for polishing the internal surface of non-ferromagnetic pipes through the application of 

magnetic fields [15-17]. She has developed three methods finishing internal surface of 

pipes: 1) using static magnetic pole polished rotating long pipe; 2) using rotating magnetic 

pole polished long non rotatable pipe; 3) using magnet abrasive finishing polished diameter 

less 20 mm small pipe along linear travel. Kiyoshi Suzuki et al. developed metal short fiber 

mixed magnetic grains and proposed MAF process using centrifugal force [18]. Kim et al. 

proposed magnetic polishing of free from surface using two types of magnetic polishing 

tool [19]. Jain et al. have studied the MAF process on non-magnetic stainless steel 

workpiece and concluded that the working gap and circumferential speed are the 

parameters which significantly influence the surface roughness value, proved force and 

change in surface roughness (∆R) increase with increase in current to the electromangnet 

and decrease in the working gap [20, 21]. Joshi et al. ananlyzed the polished plane surface 

by MAF, and concluded that the surface finishing may improve significantly with an 

increase in the grain size, feeding rate and current [22]. Shaohui Yin et al. developed three 

modes (horizontal vibration, vertical vibration and compound vibration) of 

vibration-assisted MAF process for polishing flat surface and 3D micro-surved surface 

[23-25]. Pandey et al. have studied the mechanism of surface finishing in UAMAF 

(Ultrasonic-Assisted Magnetic Abrasive Finishing) process and verified that the polishing 

effectiveness of MAF can be improved significantly by add ultrasonic vibrations [26, 27]. 

Yanhua Zou et al. proposed a plane MAF process using a constant-pressure magnetic brush, 

studied on internal surface of tubes and plane magnetic abrasive trajectory and elevated the 

surface precision and homogeneity [28-30]. 

In recent years, the research and popularity of magnetic abrasive finishing technology 
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have expanded in various universities and research institutions around the world in 

countries, such as China, India, South Korea, Egypt, Taiwan, Brazil, Canada, and Iran.   
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1.3 Developing trend of magnetic abrasive finishing 

  Currently, the study of magnetic abrasive finishing is mainly reflected in the field of 

magnetic abrasive finishing process and theory, processing equipments and magnetic 

abrasives and other fields, some unsolved problems still need to be studied in the future.   

  (1) The development of new magnetic abrasives is very necessary. At present, the 

domestic and foreign produced magnetic abrasive is high cost, short service life and low 

finishing efficiency. The fundamental reason is that the magnetic susceptibility of magnetic 

material is low. However, if the solubility and magnetic susceptibility are improved by 

some means, the production costs will be significantly improved. Therefore, the new 

magnetic abrasives should to be developed and the cost of produced magnetic abrasive 

should be reduced. Moreover, the service life of magnetic abrasive should be improved and 

the cutting capacity should be enhanced.   

(2) Magnetic grinding is not only affected by the workpiece material and the size of the 

workpiece, but also by the constraints of the shape. The removal effect is different for 

different position, different angles and different curvature of the surface. In order to obtain 

the same surface roughness for the whole surface, the processing parameters should be 

deeply researched. 

(3) In recent years, due to the introduction of CNC machine tools and CAD/CAM 

technology, making the majority of mold manufacturing to achieve automation. Thus, the 

research of magnetic abrasive automation has very important significance. 

(4) Magnetic grinding devices with alternating magnetic fields are very reliable due to 

the absence of moving parts, but the magnetic abrasives with strong magnetic properties 

are required to use in alternating magnetic fields finishing. 
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(5) As the electrochemical processing and magnetic abrasive finishing processing have a 

role for the material removal, and the mechanical action of pure magnetic abrasive 

finishing does not destroy the original accuracy of the workpiece. Therefore, it is possible 

to consider increasing the capability of mechanical action in the composite processing, so 

that the magnetic abrasive finishing not limited to scratch the oxide film but also at the 

same time directly involved in finishing. Thereby, the processing quality and efficiency can 

be improved. However, there is little report for regarding electrochemical processing 

combined with magnetic abrasive finishing processing method. Zou et al. have proposed 

that magnetic abrasive finishing combined with electrolytic process for SUS304 stainless 

plane polishing & A6063 aluminum pipe [31-33]. The finishing efficiency of alloy 

materials can be improved through this novel composite processing method from their 

reports. Chen et al. have proposed that using electrolytic-magnetic abrasive finishing 

polished the nickel-based superalloy GH4169 [34]. Both finishing efficiency and surface 

quality can be improved through this composite processing method. Pandey et al. have 

reported that using chemo assisted magnetic abrasive finishing polished tungsten plane 

workpiece in 12th global conference on sustainable manufacturing [35]. Through a series of 

experimental investigations, it can be found that the surface finish is improved by 79.52%. 

Guo et al. have reported that processing Al 6061 with electrochemical magnetic abrasive 

finishing [36, 37]. In addition to proving that this method was effective, they also found the 

limit of surface quality through researching the removal depth. Through the reports from 

these researchers, it can be considered the finishing efficiency of metal material can be 

improved by EMAF process. 
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1.4 Research objective 

With the rapid development of science and technology, the various fields such as 

semiconductor related industries, bio-related industries and aerospace-related industries, 

various new products are becoming smaller and more multifunctional are rapidly 

developing. Therefore, for the accuracy requirement of the products is gradually getting 

higher. In addition, the small part consists of a number of fine parts and complex shapes. 

The surface accuracy of fine parts and complex parts is also required to leads up to a 

mirror finish. Magnetic abrasive finishing (MAF) as a type of super precision processing is 

applied in various occasions such as surface finishing of complex shape parts, inner and 

outside polishing of elongated tubes and burr removal. Furthermore, the plane magnetic 

abrasive finishing method is using magnetic brush formed by magnetic particles to process 

workpiece. However, the processing power of the magnetic brush is limited, which is a 

problem for the ultra-precision processing. Since high efficiency and high precision surface 

finishing can’t be realized at the same time with a single processing method in many cases, 

it is important to develop a processing method to combine traditional machining with other 

polishing methods. In this research, we developed electrolytic magnetic abrasive finishing 

method (EMAF) aiming at realizing ultra-precise machining in short time by combining 

magnetic abrasive finishing with electrolytic action. 
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1.5 Thesis strategy and structure 

  In order to investigate the finishing mechanical and mechanism for achieving stainless 

steel plane mirror processing, almost all of the factors for affecting the processing 

characteristics have been surveyed through the book titled “Ultra precision processing by 

electrolytic composite polishing method” [38]. Firstly, the selection of finished workpiece 

material, finished surface roughness and shape accuracy are important for the electrolytic 

composite mirror processing. Except for the selected workpiece before machining, there 

are many processing factors during the electrolytic magnetic abrasive finishing (EMAF) 

process, such as diameter of electrode, rotational speed of machining tool, pressing 

pressure of abrasive grains, diameter of abrasive grains, density of abrasive grains, feeding 

speed of X-Y stage, working voltage, concentration of electrolyte etc. The detailed 

machining conditions have been shown in the Figure 1.2 which is cited from the book 

titled “Ultra precision processing by electrolytic composite polishing method”.   

  In this research, we emphatically selected some processing influencing factors from 

aforementioned processing factors to study and analyze. The rotational speed of machining 

tool, working voltage, diameter of abrasive grains, feeding speed of X-Y stage, 

concentration of electrolyte and working voltage have been studied and analyzed. In 

addition, we have researched the finishing time of the composite processing stage 

combined with the finishing time of the magnetic grinding stage. According to this 

research, we described the system model of electrolytic magnetic abrasive finishing shown 

in Figure 1.3. 
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Fig. 1.2 System model of electrolytic combined processing 
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Fig. 1.3 System model of electrolytic magnetic abrasive finishing 
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1.6 The composition of this paper 

  The contents of each chapter for the thesis were generalized as follows:  

(1) The characteristics of the material SUS304, the processing method of the processing 

material SUS304, and the magnetic grinding method have been introducted in the first 

chapter. Furthermore, the research objective and research content have been generalized. 

(2) In the second chapter, we have respectively introduced basic processing principle of 

magnetic abrasive finishing, electrolytic machining and electrolytic magnetic abrasive 

finishing. Moreover, experimental setup, electrolytic magnetic compound machining tools 

and measuring instruments have been described and introduced in the third chapter. 

(3) The feasibility of electrolytic magnetic abrasive finishing (EMAF process) was 

preliminarily verified through a series of comparative experiments in the third chapter. 

Since the machining efficiency of EMAF process can be improved by about 50% than the 

machining efficiency of traditional MAF process, we will focus on researching the optimal 

finishing parameters in the next few chapters. 

(4) The experimental conditions and experimental results of traditional magnetic abrasive 

finishing have been reported in the forth chapter. Through comparing experimental results, 

we have basically achieved to explord the mechanical finishing characteristics of 

electrolytic magnetic compound machining tool, and selected the optimization of 

mechanical finishing parameters for electrolytic magnetic abrasive finishing. 

(5) The experimental conditions and experimental results about electrolytic machining 

have been reported in the fifth chapter. Through comparing experimental results, the work 

for explording the electrolytic machining characteristics of electrolytic magnetic 

compound machining tool has been done, and selected the optimization of electrolytic 
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machining parameters for electrolytic magnetic abrasive finishing. Furthermore, we also 

analyzed changes in surface morphology, composition, and hardness through observing 

and measuring. 

(6) The experimental conditions and experimental results by electrolytic magnetic abrasive 

finishing have been reported in the sixth chapter. According to the optimal finishing 

conditions from magnetic abrasive finishing experiment and electrolytic machining 

experiment, electrolytic magnetic abrasive finishing experiments have been conducted. We 

focused on researching the combinations of first finishing step (EMAF step) time and 

second finishing step (MAF step) time. The optimal combination of EMAF step time and 

MAF step time has been determined through comparing experimental results. Additionally, 

it is proved that EMAF process method ebable to significantly improve surface finishing 

efficiency of metal materials. 

(7) Finally, the research results of this thesis have been summeried in the last chapter.
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Chapter 2 Development of magnetic abrasive finishing 

combined with electrolytic finishing for processing SUS304 

plane 

  The developed new compound finishing method includes two kinds of finishing process 

which is respectively magnetic abrasive finishing and electrolytic process. Therefore, the 

two different processes are achieved through a novel compound machining tool which has 

been designed by us. The principle of magnetic abrasive finishing, electrolytic process and 

magnetic abrasive finishing combined with electrolytic finishing will be introduced in this 

chapter. 

2.1 Traditional plane magnetic abrasive finishing 

  Figure 2.1 shows the schematic of traditional “plane magnetic abrasive finishing process” 

using static magnetic field which is proposed by Shinmura [1, 2]. The magnetic 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 magnetic poles. The relative rotation of magnetic pole 

combines with reciprocating feeding movement of workpiece, a relative friction is 

produced between surface of workpiece and magnetic brush. The friction is combined with 

fluctuating magnetic force produced by magnetic brush. Thus, the material removal and 

surface accuracy of mirror-polishing can be effectively realized. 

  Normally, magnetic brush is used to finishing workpiece in traditional plane magnetic 

abrasive finishing process. Then, in order to obtain high accuracy surface, the micro 

magnetic abrasive particles need to be used in ultra-precision finishing process. However, 
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there is a serious problem that the hardness of magnetic abrasive particles is softer than the 

hardness of SUS304 stainless steel. Moreover, the service life of magnetic abrasive 

particles is short, if the magnetic abrasive particles cannot promptly be replaced during 

MAF process, the finishing ability of MAF process will be rather limited. Thus, it is 

difficult for traditional MAF process to achieve both high accuracy surface and machining 

efficiency. 

 

Fig. 2.1.1 Schematic of traditional “plane MAF polishing process” 

  Figure 2.1.2 shows finishing force analysis of magnetic particles in the magnetic field. 

The magnetic particles along magnetic equipotential line direction generate a force Fx and 

along magnetic force line direction generate a force Fy [3]. The force Fx and force Fy can 

be calculated through the following formula (1) and (2): 

                     Fx = КD3χμ0 H(𝜕𝐻 𝜕𝑥⁄ )                     (1) 

Fy = КD3χμ0H(𝜕𝐻 𝜕𝑦⁄ )                       (2) 

Where “К” is the correction coefficient of volume, “D” is the diameter of magnetic particle, 
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“χ” is the susceptibility of magnetic particle, “μ0” is the permeability of vacuum, “H” is the 

magnetic field intensity, ∂H ∂x⁄  and ∂H ∂y⁄  are respectively gradients of magnetic field 

intensity in x and y directions. 

 

Fig. 2.1.2 Finishing force analysis of magnetic particles in the magnetic field 
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2.2 Electrolytic machining 

Since the electrolytic process is an important part of EMAF process, principle of 

electrolytic process will preferentially be introduced in the following. Figure 2.2.1 shows 

the machining principle of electrolytic process. The NaNO3 solution is neutral which 

produces less pollution for environment. Thus, the NaNO3 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 NaNO3 will take place electrolytic reactions 

which are shown as equation (1) and (2). 

NaNO3 → Na+ + NO3-                          (1) 

 H2O → H+ + OH-                            (2) 

 

 

 

Na+ and H+ move toward the cathode, NO3- and OH- move toward the anode. Since 

ionization tendency of “Na” is stronger than ionization tendency of “H”, the reaction 

shown as equation (3) occurs at the cathode. The discharge of OH- is easier than discharge 

of NO3-, hence the reaction shown as equation (4) occurs at the anode. Through equation (3) 

and (4), it can be seen that H2 is generated at the cathode and O2 is generated at the anode 

[4]. 

2H+ + 2e- → H2↑                           (3) 

2OH- → H2O + 1/2O2↑ + 2e-                       (4) 

 

Ionization tendency order: 

Ag
+
˃Cu

2+
˃H

+
˃Pb

2+
˃Fe

2+
˃Zn

2+
˃Al

3+
˃Mg

2+
˃Na

+
˃K

+
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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 Fe3+, Cr6+, Fe2+, 

Cr3+ and Ni2+ etc. elements are eluted on the metal surface by the action of oxidation 

reaction [4]. Compared with the concave portions of workpiece, 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 workpiece are preferentially leveled 

during electrolytic process, and the surface precision polishing can be completed by elution 

[5, 6].  

 

Fig. 2.2.1 Machining principle of electrolytic process 

Since stainless steel SUS304 is an alloy material, a series of complex electrolysis 

reactions occur during electrolytic process. The schematic of electrolytic reactions is 

shown in Figure 2.2.2. The reactions of main metal ions which are described as equation 

Electrolytic reactions 

Discharge ease order: SO4

2-
<NO3

-
<OH

-
<Cl

-
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from (1) to (6) dissolved out from the metal surface.   

 Fe → Fe2+ + 2e-                               (1) 

                           Fe → Fe3+ + 3e-                               (2) 

                           Cr →Cr 3+ + 3e-                               (3) 

                           Cr →Cr 6+ + 6e-                               (4) 

                           Ni → Ni2+ + 2e-                               (5)                       

3Fe2+ + Cr 6+ → 3Fe3+ + Cr 3+                         (6) 

Since H2O molecular generates OH- ions under the electrolytic action and generated OH- 

ions move toward the anode, abovementioned metal ions combine with generated OH- to 

form precipitates. The reactions of formed precipitates are described as equation from (7) 

to (11). 

                          Fe2+ + 2OH- → Fe( OH )2 ↓                      (7) 

                          Fe3+ + 3OH- → Fe( OH )3 ↓                      (8) 

           4Fe(OH)2 + 2H2O + O2 → 4Fe(OH)3 ↓               (9) 

                           Cr3+ + 3OH- → Cr(OH )3 ↓                     (10)                            

Ni2+ + 2OH- → Ni(OH )2 ↓                     (11) 

With the reactions proceeding, a large amount of brown substance is produced in the 

transparent electrolyte. This phenomenon confirms the abovementioned chemical reactions.  

Simultaneously, passive film is also generated on the workpiece. However, the amount of 

dissolved out metal ions gradually decrease with a large number of passive film 

accumulate on the workpiece. 
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Fig. 2.2.2 Schematic of electrolytic reactions  
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2.3 Basic processing principle of EMAF 

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 action 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, 

above mentioned 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 process 

includes two finishing steps which are 1st finishing step (MAF process combines with 

electrolytic process step) and 2nd finishing step (MAF step). The schematic of stainless 

planar processing system is shown as Figure 2.3.1. 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 workpiece 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 electrolyte 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 workpiece 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 effectively 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 
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a collecting container. 

 

Fig 2.3.1 Schematic of stainless planar processing system 

Figure 2.3.2 explains the basic machining principle of EMAF process. In this research, 

EMAF process includes two finishing steps which are respectively the 1st finishing step 

(EMAF step) and the 2nd finishing step (MAF step). Figure 2.3.2 (a) shows the original 

surface with a lot of initial hairlines before finishing. Figure 2.3.2 (b) shows the finished 

surface after EMAF step. When turning on DC constant voltage power, the protruding 

portions will be preferentially leveled and the passive films will form on the surface of 

workpiece by electrolytic process. Simultaneously, the magnetic abrasive particles of 

magnetic brush is used to exert friction on the surface of workpiece, the passive films can 

be effectively removed. By the way, the hardness of passive films is smaller than the 

hardness of SUS304 stainless material [4]. Thus, the efficiency of precision machining can 

be improved in the first finishing step through MAF process combines with electrolytic 

process. However, a few passive films generally still exist on the finished surface after 

EMAF step. The residual passive films will affect the surface accuracy. Hence, the MAF 
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step as a final process after EMAF step is used to completely remove passive films from in 

order to improve surface accuracy of workpiece. Figure 2 (c) shows the finished surface 

after MAF step. 

 

Fig 2.3.2 Schematic of EMAF process 
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2.4 Developed electrolytic magnetic compound machining tool  

EMAF process method is usually divided into synchronous finishing and steps finishing. 

Synchronous EMAF process is realized by a special compound machining tool or a special 

separate machining tool [7, 8]; steps EMAF process is that passive films are formed by 

oxidizing agent before experiment, then passive films are removed by a dedicated 

magnetic machining tool [9].  

Currently, the development of compound machining tools is very scarce for EMAF 

process of plane workpiece. A compound machining tool cited from “A study of processing 

Al 6061 with electrochemical magnetic abrasive finishing” [7, 10]. The working area of the 

compound machining tool is composed of two 900 diagonal fan-shaped electrodes and two 

900 diagonal fan-shaped magnetic poles, and there is a height difference between magnetic 

poles and electrodes (The length of the magnetic pole is slightly shorter than the length of 

the electrode). A separate machining tool cited from “Research on the electrolytic-magnetic 

abrasive finishing of nickel-based superalloy GH4169” [8]. The magnetic machining tool 

and electrolytic machining are connected through a connecting rod. 

In this study, in order to simplify finishing process, a novel electrolytic magnetic 

compound machining tool has been firstly developed and made [11]. The CAD drawing, 

three-dimensional images and external views of electrolytic magnetic compound 

machining tool is respectively shown in Figure 2.4.1. The electric current flows from the 

power supply to compound machining tool (cathode) through a copper piece contacting to 

a copper ring that is placed on the top of compound machining tool. The cathode is 

designed to be a cross-shape at the bottom of compound machining tool (two copper rods: 

30 mm × 3 mm × 3 mm). The CAD drawing of the cathode is shown as Figure 2.4.2 (a). 



Chapter 2 Development of magnetic abrasive finishing combined 
with electrolytic finishing for processing SUS304 plane 

28 

The magnetic poles are constituted by four circular Nd-Fe-B permanent magnet (four 

magnetic poles: Φ 6 mm × 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. The CAD 

drawing of the bottom of electrolytic magnetic compound machining tool is shown in 

Figure 2.4.2 (b). Figure 2.4.3 shows assembly drawing of electrolytic magnetic compound 

machining tool. Specific component names are recorded in the next to Table. 

 

Fig. 2.4.1 Three-dimensional images and external views of electrolytic magnetic 

compound machining tool 
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(a) Cathod                 (b) The bottom of compound machining tool 

Fig. 2.4.2 Design drawings of the electrode (cathode) and the front of electrolytic magnetic 

compound machining tool 

    

Fig. 2.4.3 Assembly drawing of electrolytic magnetic compound machining tool 
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2.5 Experimental setup 

Figure 2.5.1 shows the external photo of electrolytic magnetic abrasive finishing 

experimental setup. 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 connects to the positive of DC constant voltage power. 

Electrolytic magnetic compound machining tool is fixed on the chuck of milling machine 

and placed on the top of SUS304 plane workpiece. The electrodes 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 brush and connecting wires. A 

nozzle is placed near the carbon rod. The electrolyte (NaNO3) 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 performed, a certain working gap is adjusted between workpiece 

(anode) and compound machining tool (cathode). The magnetic brush is formed by mixing 

magnetic abrasive grains on the bottom of magnetic poles between magnetic poles and 

workpiece. Then, the electrolytic magnetic compound machining tool performs rotary 

motion. The rotational direction and velocity of compound machining tool are controlled 

by milling machine. 
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Fig. 2.5.1 External photo of experimental setup 
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2.6 Measuring instruments 

In this research, there are many investigating factors for evaluating and investigating the 

finishing characteristics of magnetic abrasive finishing combined with electrochemical 

machining. For example: surface roughness Ra, material removal weight M, finished 

surface profile, surface composition of wprkpiece, surface hardness HV of workpiece and 

so on. 

Before finishing and after each step of experiment, we respectively select 3 points in the 

central axis direction of the processing region, the surfaces of workpiece are observed at 3 

locations as shown in Figure 2.6.1. 

 

Fig. 2.6.1 Observed locations of surface specimen 

The surface roughness of workpiece is measured through a contact surface roughness 

and profiling meter (Mitutoyo) which is shown as Figure 2.6.2. The length of straight line 

measurement is 4 mm, the measurement speed of the probe is 0.02 mm/s. The evaluation 

curve type is R-JIS. The contour arithmetic mean deviation Ra, microscopic roughness ten 

point height Rz and maximum height of the profile Ry can be measured through the contact 

surface roughness and profiling meter. 
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Fig 2.6.2 Contact surface roughness and profiling meter (Mitutoyo) 

In order to compare the finishing effect of each processing stage, the profile of finished 

surface and before finishing can be observed and evaluated through the non-contact optical 

profiling microscope (Zygo New View 7300). Figure 2.6.3 shows the non-contact optical 

profiling microscope. In addition, the surface roughness Ra can be also measured through 

the non-contact optical profiling microscope. 

 

Fig 2.6.3 Non-contact optical profiling microscope (Zygo New View 7300) 

Measuring area 
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Additionally, the profile and images of finished surface and before finishing are also 

observed and evaluated through the scanning electron microscope (SEM, HITACHI 

S4500). Figure 2.6.4 shows the scanning electron microscope. In electrolytic process and 

EMAF process, except for these above mentioned measurement parameters, the surface 

composition is needed to be investigated and analyzed since the passive films generated. 

Therefore, we should use the Energy Dispersive X-Ray (EDX) Spectroscopy to evaluate 

and obtain the change in elemental composition during different finishing processes. The 

above scanning electron microscope also has the function of Energy Dispersive X-Ray. 

 

Fig 2.6.4 Scanning electron microscope, (SEM, HITACHI S4500) 

The material removal weight M of before machining and after finishing is measured 

through a high-precision electronic scale which is shown in Figure 2.6.5. Through the 

Figure 2.6.5, it can be found that the accuracy of measured material removal weight M can 

reach 0.01 mg. 

Display area 

Measuring area 
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Fig 2.6.5 High-precision electronic scale 

In order to prove surface hardness of generated passive films from electrolytic process is 

smaller than original hardness of SUS304 stainless steel material, the hardness of finished 

surface need to be measured through a hardness meter shown in Figure 2.6.6. 

 

Fig. 2.6.6 Hardness meter 
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Finally, we will make a Table 2.1 to describe these measuring instruments which are 

used in different finishing processes. 

Table 2.1 Measuring instruments are used in different finishing processes 

Measuring instruments Finishing processes 

Contact surface roughness & profiling meter MAF process, ECM process, EMAF process 

Non-contact optical profiling microscope MAF process, ECM process, EMAF process 

Scanning electron microscope MAF process, ECM process, EMAF process 

High-precision electronic scale MAF process, ECM process, EMAF process 

Energy Dispersive X-Ray Spectroscopy MAF process, ECM process, EMAF process 

Hardness meter MAF process, ECM process, EMAF process 
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2.7 Conclusion 

  The content of this chapter can be summarized as follows: 

(1) Firstly, the processing principle of traditional plane magnetic abrasive finishing, 

electrolytic process and electrolytic magnetic abrasive finishing were respectively 

illustrated in this chapter. 

(2) Then, the developed electrolytic magnetic compound machining tool and experimental 

setup were shown in this chapter. 

(3)  Finally, the specific measurement methods and measuring instruments were also 

introduced in this chapter. 
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Chapter 3 Preliminary verification experiments of EMAF 

process 

In order to verify the feasibility of EMAF process, we firstly preformed a series of 

comparative experiments about MAF process, electrolytic process and EMAF process. The 

experimental results of three kinds of polishing methods were respectively reported in this 

chapter. In addition, the comparison of experimental results of MAF process and EMAF 

process was also reported in this chapter. 

3.1 MAF experiments 

3.1.1 Experimental conditions of MAF 

In order to compare traditional MAF process with EMAF process, the traditional MAF 

process tests were firstly conducted at room temperature. The detailed experimental 

conditions of MAF process are shown in Table 3.1. Surface roughness of workpiece is 

measured at approximate 0.39 μm Ra as an original roughness before machining. The 

finishing time is selected as per 15 minutes (for 6 times) to measure and compare the 

finished surfaces difference. In order to ensure machining power to be adequate, 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 [1, 2]. After each step of tests, 

surfaces of workpiece are observed at 9 locations as shown in Fig. 3.1.1. The surface 

roughness 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 
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electron microscope (HITACHI S4500). 

 

Fig. 3.1.1 Observed locations of surface specimen 

Table 3.1 Experimental conditions of MAF process 

Workpiece SUS304 plane (100 × 100 × 1 mm) 
Original roughness 0.39 μm Ra 
Compound magnetic 
abrasives 

Electrolytic iron powder (149 μm, 75 μm, 
30 μm in 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 minutes 

3.1.2 Experimental results and discussions of MAF process 

Fig. 3.1.2 shows the non-contact 3D measurement of unfinished 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 that the change in removal depth hr at 75 min traditional MAF process, and the 

surface profile of workpiece almost tends to be planarized. 
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The SEM photograph of surface before MAF process is shown in Fig. 3.1.3 (a). The 

initial hairline of surface can be clearly seen through the SEM photograph. Fig. 3.1.3 (b) 

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 portions still exist on the surface. 

In order to quantitatively compare and estimate the difference of surface roughness Ra 

and material removal weight M under different finishing time of traditional MAF process 

(per 15 min). The maximum height roughness Ra in the captured field of 299 × 227 μm2 is 

estimated using a non-contact optical profiling microscope. The change in material 

removal weight M is measured through a high-precision electronic scale. Fig. 3.1.4 shows 

the change in surface roughness Ra and material removal weight M as a function of MAF 

process time versus. The surface roughness Ra is an average surface roughness value of 9 

observed locations. With finishing time increases, it is noted that the surface roughness 

remarkably descends from 390.98 nm Ra to 41.49 nm Ra at 75 min MAF process 

experiment, and then the surface roughness becomes stable after 75 min MAF process test; 

the material removal 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 material 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 Ra 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 MAF process test. 
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Fig. 3.1.2 Non-contact 3D measurement of unfinished surface and finished surface after 75 

min MAF process 

 

Fig. 3.1.3 SEM images of unfinished surface & finished surface after 75 min MAF process 

 

Fig. 3.1.4 Change in surface roughness Ra and material removal M as a function of MAF 

processing time 

(a) (b) 
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3.2 EMAF experiments 

3.2.1 Experimental conditions of electrolytic process 

By the foregoing narrative, it is easy to see that electrolytic process plays an extremely 

important role during EMAF process. Therefore, the investigation of electrolytic process is 

carried out before EMAF process. Table 3.2 describes experimental conditions of 

electrolytic process. Because finished surface roughness during electrolytic process 

generally can reach to below 0.2 μm Ra, the original surface roughness of workpiece is 

selected as approximate 0.39 μm Ra before machining. The working gap is adjusted to 1 

mm in order to ensure processing effect. The rotational speed of compound machining tool 

and feeding speed of X-Y stage are respectively adjusted to 450 rpm and 5 mm/s. The main 

feature of electrolytic 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 20wt% sodium nitrate is adopted as the electrolyte. The flow rate of electrolyte 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 by equation (1). In other words, the current density can indirectly be controlled 

by voltage applied to electrodes. 

J = I/A                               (1) 

Where “J” is current density; “I” is electrolytic current; “A” is area of cathode. Thus, it can 

be found that the current density “J” as an important parameter of electrolytic process is 

proportional to the electrolytic current “I” and inversely proportional to the area of cathode 

“A” through equation (1). After each step of electrolytic process experiment, the surface 

roughness of workpiece is measured through a non-contact optical profiling microscope; 
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the images of finished surface are observed by a scanning electron microscope. 

Table 3.2 Experimental conditions of electrolytic process 

Workpiece SUS304 plane (100 × 100 × 1 mm) 
Original roughness 0.39 μm Ra 
Working gap 1 mm 
Stage feeding speed 5 mm/s 
Tool rotational speed 450 rpm 
Working voltage 8 V 
Electrolyte NaNO3 (20wt%) 
Flow rate 300 ml/min 
Electrolytic test time 10 minutes 

3.2.2 Experimental results and discussions of electrolytic process 

Fig. 3.2.1 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. 3.2.1 (a). Fig. 3.2.1 (b) ～ (f) 

respectively shows the SEM photographs (1000 times) of finished surface at 2 min, 4 min, 

6 min, 8 min 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 increases with the finishing time 

increases; the size of micro-porous becomes small with the finishing time increases, and 

the depth of microporous also deepens. 

In order to investigate the optimal parameters of electrolytic process, the difference of 

surface roughness Ra and material removal weight M have been quantitatively compared 

and estimated at different finishing time of electrolytic process (per 2 min). Fig. 3.2.2 
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shows the change in surface roughness Ra and material removal weight M at different 

finishing time of electrolytic process. With the finishing time increases, it is noted that the 

surface roughness remarkably descends from 394.81 nm Ra to 160.03 nm Ra at 4 min 

finishing time of electrolytic process, and then the surface roughness Ra increases when the 

finishing time of electrolytic process is more than 4 min; the material removal weight M 

continuously keeps increasing during 10 min electrolytic 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. Since the action of electrolytic process, the surface of 

SUS304 plane will accumulate a large number 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 Ra increases after 4 min 

electrolytic process test, and the rate of material removal weight M before 4 min 

electrolytic process test is higher than that after 4 min electrolytic process test. 

 

Fig. 3.2.1 Macroscopic confocal images of unfinished surface and finished surface in 

various conditions after 2 min, 4 min, 6 min, 8 min and 10 min experiments 
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Fig. 3.2.2 Change in surface roughness Ra and material removal M as a function of 

electrolytic processing time 

3.2.3 Experimental conditions of EMAF 

The EMAF process step is conducted in one step simultaneously for combining 

electrolytic process and MAF process. Although the surface can be leveled through 

electrolytic process, generated passive films by the action of electrolytic process 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 thicken, 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 min, 15 min, 25 min, 35 min, 40 min 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 as Table 3.3. The sodium nitrate 20wt% is used as 

electrolyte and flows at 300 ml/min. Electrolytic current is set as 2.5 A through an 8 V DC 
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constant voltage. According to equation (1), the current density can be indirectly controlled 

by voltage applied to electrodes. After each step of EMAF process tests, surface roughness 

Ra of workpiece is measured through a non-contact optical profiling microscope; the image 

of finished surface is observed by a scanning electron microscope. 

Table 3.3 Experimental conditions of EMAF process 

Workpiece SUS304 plane (100 × 100 × 1 mm) 
Original roughness 0.39 μm Ra 
Compound magnetic 
abrasives 

Electrolytic iron powder (149 μm, 75 μm, 
30 μm in 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 
Working voltage 8 V 
Electrolyte NaNO3 (20wt%) 
Flow rate 300 ml/min 
EMAF test time 4 min (EMAF) + 41 min (MAF) 

3.2.4 Experimental results and discussions of EMAF process 

Fig. 3.2.3 shows the non-contact 3D measurement of finished surface at 45 min EMAF 

process experiment (it includes 4 min EMAF process & 41 min MAF process) obtained 

through a non-contact optical profiling microscope. Compared with the surface profile of 

workpiece before machining, it can be clearly seen that the change in removal depth hr at 

45 min EMAF process, and the surface profile of workpiece tends to be planarized. 

Furthermore, compared with the surface profile of workpiece during traditional MAF 

process, it can be obviously found that the surface roughness Ra of EMAF process is a little 

better than the surface roughness Ra of traditional MAF process. 

The SEM photograph of original surface before EMAF process is shown in Fig. 3.2.4 (a). 
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The initial hairline of unfinished surface can be clearly seen through the SEM photograph. 

Fig. 3.2.4 (b) 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 simultaneously are executed, the action of MAF process can 

not completely remove the generated passive films from electrolytic process. The SEM 

photograph of finished surface after the second finishing step (41 min MAF process) is 

shown in Fig. 3.2.4 (c). 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 confirmed that MAF process plays an essential role during the EMAF 

process. 

Fig. 3.2.5 shows the change in surface roughness Ra and material removal weight M 

under different finishing time of EMAF process. The measurement of change in surface 

roughness Ra is operated through a non-contact optical profiling microscope. With the 

finishing time increases, the surface roughness descends from original surface roughness 

393.08 nm Ra to 268.44 nm Ra after the first finishing step (EMAF process), and then the 

surface roughness continues to descend from 268.44 nm Ra to 31.58 nm Ra after the second 

finishing step (single MAF process). It is noted that the surface roughness firstly descends 

from 393.08 nm Ra to 30.94 nm Ra at 40 min EMAF process test, and then the surface 

roughness Ra becomes stable after 40 min EMAF process test. The change in material 

removal weight M is measured through a high-precision electronic scale. The material 

removal weight M markedly continues 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 material removal weight M during the second finishing 
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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 3 times than that 

of single MAF process step. Then, the change in surface roughness Ra is mainly caused by 

EMAF process itself. The removal depth hr can be calculated by the following equation 

(2). 

hr = m/Apρ                           (2) 

Where “m” is mass of material removal, “Ap” is working area, and “ρ” is density of 

material. According to the result of material removal weight M shown in Fig. 3.2.5, the 

removal depth hr is ranged from 0 to 2.4 μm. Yet, the surface roughness Ra has little change 

when finishing time is more than 40 min. It is probably because removal depth hr is larger 

than the value of original roughness. Moreover, the effects of electrolytic process 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 removal weight M before 4 min EMAF 

process (EMAF process 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. 3.2.6. 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, this new finishing process can be proven to 

more efficiently polish SUS304 plane than the traditional MAF process. 
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Fig. 3.2.3 Non-contact 3D measurement of unfinished surface and finished surface after 40 

min EMAF process 

 

 

 

Fig. 3.2.4 Macroscopic confocal images of unfinished surface and finished surface in 

various conditions after first finishing step and second finishing step experiments 

(a) 
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Fig. 3.2.5 Change in surface roughness Ra and material removal M as a function of EMAF 

processing time 

 

 

Fig. 3.2.6 The comparison of EMAF process and MAF process for surface roughness Ra 

and material removal M 
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3.3 Conclusions 

In chapter 3, the experimental results of three kinds of polishing methods were 

respectively reported in this chapter. In addition, the comparison of experimental results of 

MAF process and EMAF process was also reported. The main conclusions are summarized 

as follows: 

1. The results of experiments show that the surface roughness can reach to 41.49 nm Ra 

from 390.98 nm Ra by 75 min traditional MAF process; the surface roughness descends 

from 393.08 nm Ra to 30.94 nm Ra by 40 min EMAF process.  

2. Since the electrolytic magnetic abrasive finishing can soften the surface of workpiece, 

the material removal weight M of total EMAF process is nearly 6 times than that of single 

traditional MAF process. 

3. Through contrasting with traditional MAF process, it is confirmed that EMAF process 

can obtain a little higher quality surface, and machining efficiency is improved by about 

50%. Therefore, this new finishing process can be proven to more efficiently polish 

SUS304 plane than the traditional MAF process. 
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Chapter 4 Stainless steel SUS304 plane workpiece finishing by 

using electrolytic magnetic compound machining tool in 

traditional magnetic abrasive finishing 

MAF process as an important finishing part of EMAF process, the mechanical (MAF) 

finishing characteristics of electrolytic magnetic compound machining tool are necessary 

to be explored before EMAF process. Since their mechanical finishing characteristics are 

different for machining tools with different shapes of magnetic poles, we focused on 

investigating mechanical finishing characteristics for electrolytic magnetic compound 

machining tool through MAF process, such as amount of iron powder and WA abrasive 

grain, combinations of mixed magnetic abrasive, feeding speed of X-Y stage, rotational 

speed of compound machining tool and working gap. 

4.1 Investigation of the amount of iron powder and WA abrasive grain 

  The amount of iron powder and WA abrasive grain has been firstly investigated in the 

traditional MAF process. Table 4.1.1 shows the experimental condition for investigating 

the amount of iron powder and WA abrasive grain. Surface roughness of workpiece is 

measured at approximate 160 ~ 220 nm Ra as an original roughness before machining. The 

finishing time is selected as per 10 min (for six times) to measure and compare the finished 

surface differences. In order to ensure machining power to be adequate, 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 [1, 2]. The amount ratio of electrolytic iron 

powder and abrasive grains is 4:1. The amount of electrolytic iron powder is respectively 

0.8 g, 1.2 g and 1.6 g. The amount of WA abrasive grains is respectively 0.2 g, 0.3 g and 

0.4 g. The amount of compound magnetic abrasives is respectively 1 g, 1.5 g and 2 g. 
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Table 4.1.1 Experimental condition for investigating amount of iron powder and WA 

abrasive grain 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

 

 

Compound magnetic abrasives 

Electrolytic iron powder (149 μm in mean 

diameter): 0.8 g, 1.2 g & 1.6 g 

Abrasive grains (# 8000): 0.2 g, 0.3 g & 0.4 g 

Compound magnetic abrasives: 1 g, 1.5 g & 2 g 

Oily grinding fluid: 2 ml 

Workinge gap 1 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm 

MAF test time 60 min 

Figure 4.1.1 shows the non-contact 3D measurement and SEM photographs of finished 

surface in various amounts of iron powder and WA abrasive grain conditions after 60 min 

MAF process obtained through a non-contact optical profiling microscope. Through 

comparing the finished surface profile in various amounts of iron powder and WA abrasive 

grain conditions, it is recognized that the surface roughness Ra in 1 g amount of iron 

powder and WA abrasive grain case is remarkably smaller than the surface roughness Ra in 

other amounts of iron powder and WA abrasive grain cases at 60 min tests. Through 

comparing the SEM photographs of finished surface in various amounts of iron powder 

and WA abrasive grain conditions, it also can be recognized that the finished surface 

accuracy in 1 g amount of iron powder and WA abrasive grain case is remarkably better 

than the finished surface accuracy in other amounts of iron powder and WA abrasive grain 

cases at 60 min tests. Furthermore, it can be clearly found that the initial hairlines of 

finished surface have almost completely been removed in 1 g amount of iron powder and 

WA abrasive grain condition through obtaining non-contact 3D measurement and SEM 
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photographs. However, a few concave portions still exist on the finished surface in other 

amounts of iron powder and WA abrasive grain conditions. 

 

Fig. 4.1.1 Non-contact 3D measurement and SEM photographs of finished surface in 

various amounts of iron powder and WA abrasive grain conditions after 60 min MAF 

process 

In order to quantitatively compare and estimate the difference of surface roughness Ra 

under different finishing times of traditional MAF process (per 10 min). The surface 

roughness Ra is estimated through using a contact optical profiling microscope. Figure 

4.1.2 shows the change in surface roughness Ra as a function of MAF processing time 

under different amount of iron powder and WA abrasive grain conditions. The surface 

roughness Ra is an average surface roughness value of three observed locations. Through 

quantitatively compare under different amount of iron powder and WA abrasive grain 

conditions, it is noted that the surface roughness Ra in 1 g amount of iron powder and WA 

abrasive grain case is obviously smaller than the surface roughness Ra in other amounts of 

iron powder and WA abrasive grain cases. 
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Fig. 4.1.2 Change in surface roughness Ra as a function of MAF processing time under 

different amount of iron powder and WA abrasive grain conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
  



Chapter 4 Stainless steel SUS304 plane workpiece finishing by using 
electrolytic magnetic compound machining tool in traditional 
magnetic abrasive finishing 

56 

 

4.2 Investigation of the feeding speed of X-Y stage 

  According to previous experimental results, the amount of electrolytic iron powder is 

selected as 0.8 g, the amount of abrasive grains is selected as 0.2 g. Table 4.2.1 shows the 

experimental condition for investigating the feeding speed. Surface roughness of 

workpiece is measured at approximate 160 ~ 220 nm Ra as an original roughness before 

machining. The finishing time is selected as per 10 min (for six times) to measure and 

compare the finished surface differences. The working gap is adjusted to 1 mm. The 

rotational speed of compound machining tool is adjusted to 450 rpm. The feeding speed of 

X-Y stage is respectively set at 10 mm/s and 5 mm/s. 

Table 4.2.1 Experimental condition for investigating the feeding speed of X-Y stage 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

 

Compound magnetic abrasives 

Electrolytic iron powder (149 μm in mean 

diameter): 0.8 g 

Abrasive grains (# 8000): 0.2 g 

Oily grinding fluid: 2 ml 

Workinge gap 1 mm 

Feeding speed 5 mm/s & 10 mm/s 

Rotational speed 450 rpm 

MAF test time 60 min 

The non-contact 3D measurement and SEM photographs of finished surface in various 

feeding speed of X-Y stage conditions after 60 min MAF process obtained through a 

non-contact optical profiling microscope is shown in Figure 4.2.1. Through comparing the 

finished surface profile in various feeding speed cases, it is recognized that the surface 

roughness Ra at 10 mm/s feeding speed case is slightly smaller than the surface roughness 

Ra at 5 mm/s feeding speed case at 60 min tests. Through comparing the SEM photographs 
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of finished surface in various feeding speed cases, it also can be recognized that the 

finished surface accuracy at 10 mm/s feeding speed case is slightly better than the finished 

surface accuracy at 5 mm/s feeding speed case at 60 min tests. Furthermore, it can be 

clearly found that the initial hairlines of finished surface have almost completely been 

removed at 10 mm/s feeding speed condition through obtaining non-contact 3D 

measurement and SEM photographs. However, a few concave portions still exist on the 

finished surface at 10 mm/s feeding speed condition. 

 

Fig. 4.2.1 Non-contact 3D measurement and SEM photographs of finished surface in 

various feeding speed of X-Y stage conditions after 60 min MAF process 

In order to quantitatively compare and estimate the difference of surface roughness Ra 

and material removal weight M under different finishing times of traditional MAF process 

(per 10 min). The surface roughness Ra is estimated through using a contact optical 

profiling microscope. The change in material removal weight M is measured through a 

high-precision electronic scale. Figure 4.2.2 shows the change in surface roughness Ra and 

material removal weight M as a function of MAF processing time under different feeding 

speed conditions. The surface roughness Ra is an average surface roughness value of three 
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observed locations. Through quantitatively compare under different feeding speed 

conditions, it is noted that the change in surface roughness Ra at 10 mm/s feeding speed 

case is approximately same as the change in surface roughness Ra at 5 mm/s feeding speed 

case. Furthermore, the change in material removal weight M at 10 mm/s feeding speed case 

is also approximately same as the change in material removal weight M at 5 mm/s feeding 

speed stage case. 

 

Fig. 4.2.2 Change in surface roughness Ra and material removal M as a function of MAF 

processing time under various feeding speed of X-Y stage conditions 
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4.3 Investigation of the rotational speed of compound machining tool 

  The amount of electrolytic iron powder is decided as 0.8 g, the amount of abrasive 

grains is decided as 0.2 g through the investigation of the amount of iron powder and WA 

abrasive grain. The feeding speed of X-Y stage is decided as 5 mm/s through the 

investigation of feeding speed of X-Y stage, because the effect of different feeding speed 

on the finished surface accuracy is almost same. Surface roughness of workpiece is 

measured at approximate 160 ~ 220 nm Ra as an original roughness before machining. The 

finishing time is selected as per 10 min (for six times) to measure and compare the finished 

surface differences. The working gap is adjusted to 1 mm. Then, the rotational speed of 

compound machining tool will be investigated for impacting on the finished surface 

accuracy. The detailed experimental conditions are shown in Table 4.3.1. 

Table 4.3.1 Experimental condition for investigating the rotational speed of compound 

machining tool 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

 

Compound magnetic abrasives 

Electrolytic iron powder : 149 μm in mean diameter 

Abrasive grains: # 8000 

Oily grinding fluid: 2 ml  

Workinge gap 1 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm & 230 rpm 

MAF test time 60 min 

Figure 4.3.1 shows the non-contact 3D measurement and SEM photographs of finished 

surface in various rotational speed conditions after 60 min MAF process obtained through 

a non-contact optical profiling microscope. Through comparing the finished surface profile 

in various rotational speed cases, it is recognized that the surface roughness Ra at 450 rpm 
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rotational speed of compound machining tool case is remarkably smaller than the surface 

roughness Ra at 230 rpm rotational speed of compound machining tool case at 60 min tests. 

Through comparing the SEM photographs of finished surface in various rotational speed of 

compound machining tool cases, it also can be recognized that the finished surface 

accuracy at 450 rpm rotational speed of compound machining tool case is obviously better 

than the finished surface accuracy at 230 rpm rotational speed of compound machining 

tool case at 60 min tests. Furthermore, it can be clearly found that the initial hairlines of 

finished surface have almost completely been removed at 450 rpm rotational speed of 

compound machining tool condition through obtaining non-contact 3D measurement and 

SEM photographs. However, a few concave portions still exist on the finished surface at 

230 rpm rotational speed of compound machining tool condition. 

 

Fig. 4.3.1 Non-contact 3D measurement and SEM photographs of finished surface in 

various rotational speed of compound machining tool conditions after 60 min MAF process 

In order to quantitatively compare and estimate the difference of surface roughness Ra 

and material removal weight M under different finishing times of traditional MAF process 

(per 10 min). The surface roughness Ra is estimated through using a contact optical 

profiling microscope. The change in material removal weight M is measured through a 
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high-precision electronic scale. Figure 4.3.2 shows the change in surface roughness Ra and 

material removal weight M as a function of MAF processing time under different rotational 

speed of compound machining tool conditions. The surface roughness Ra is an average 

surface roughness value of three observed locations. Through quantitatively compare under 

different rotational speed of compound machining tool conditions, it is noted that the 

surface roughness Ra at 450 rpm rotational speed of compound machining tool case is 

remarkably smaller than the surface roughness Ra at 230 rpm rotational speed of compound 

machining tool case. Furthermore, the change in material removal weight M at 450 rpm 

rotational speed of compound machining tool case is also much more than the change in 

material removal weight M at 230 rpm rotational speed case. 

 

Fig. 4.3.2 Change in surface roughness Ra and material removal M as a function of MAF 

processing time under different rotational speed of compound machining tool conditions 
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4.4 Investigation of the working gap 

Through investigating the rotational speed, the rotational speed is decided as 450 rpm. 

Surface roughness of workpiece is measured at approximate 160 ~ 220 nm Ra as an 

original roughness before machining. The finishing time is selected as per 10 min (for six 

times) to measure and compare the finished surface differences. The rotational speed of 

compound machining tool and feeding speed of X-Y stage are respectively adjusted to 450 

rpm and 5 mm/s. Finally, we will investigate the working gap. The working gap is selected 

at 1 mm and 2 mm. Table 4.4.1 shows the detailed experimental condition for investigating 

the working gap. 

Table 4.4.1 Experimental condition for investigating the working gap 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

 

Compound magnetic abrasives 

Electrolytic iron powder : 149 μm in mean diameter 

Abrasive grains: # 8000 

Oily grinding fluid: 2 ml 

Workinge gap 1 mm & 2 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm 

MAF test time 60 min 

The non-contact 3D measurement and images of finished surface in various working gap 

conditions after 60 min MAF process obtained through a non-contact optical profiling 

microscope is shown in Figure 4.4.1. Through comparing the finished surface profile in 

various working gap cases, it is recognized that the surface roughness Ra at 1 mm working 

gap case is remarkably smaller than the surface roughness Ra at 2 mm working gap case at 

60 min tests. Through comparing the images of finished surface in various working gap 

cases, it also can be recognized that the finished surface accuracy at 1 mm working gap 
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case is obviously better than the finished surface accuracy at 2 mm working gap case at 60 

min tests. Furthermore, it can be clearly found that the initial hairlines of finished surface 

have almost completely been removed at 1 mm working gap condition through obtaining 

non-contact 3D measurement and SEM photographs. However, a lot of concave portions 

still exist on the finished surface at 2 mm working gap condition. 

 

Fig. 4.4.1 Non-contact 3D measurement and SEM photographs of finished surface in 

various working gap conditions after 60 min MAF process 

In order to quantitatively compare and estimate the difference of surface roughness Ra 

and material removal weight M under different finishing times of traditional MAF process 

(per 10 min). The surface roughness Ra is estimated through using a contact optical 

profiling microscope. The change in material removal weight M is measured through a 

high-precision electronic scale. Figure 4.4.2 shows the change in surface roughness Ra and 

material removal weight M as a function of MAF processing time under different working 

gap conditions. The surface roughness Ra is an average surface roughness value of three 

observed locations. Through quantitatively compare under different working gap 

conditions, it is noted that the surface roughness Ra at 1 mm working gap case is 

remarkably smaller than the surface roughness Ra at 2 mm working gap case. Furthermore, 
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the change in material removal weight M at 1 mm working gap case is also much more 

than the change in material removal weight M at 2 mm working gap case. 

 

Fig. 4.4.2 Change in surface roughness Ra and material removal M as a function of MAF 

processing time under different working gap conditions 
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4.5 Investigation of the compound magnetic abrasives 

Based on the above studies, most of machining parameters studies has been completed. 

Finally, we will investigate the effect of different sizes of electrolytic iron powder mixed 

with different sizes of abrasive grains. 

Table 4.5.1 shows the detailed experimental condition for investigating the 75 μm in 

mean diameter of iron powder mixed with different sizes of abrasive grains. The 75 μm in 

mean diameter of iron powder respectively mixes with # 4000 abrasive grains, # 6000 

abrasive grains, # 8000 abrasive grains and # 10000 abrasive grains. The amount of 

electrolytic iron powder is 0.8 g, the amount of WA abrasive grains is 0.2 g. The finishing 

time is selected as per 10 min (for six times) to measure and compare the finished surface 

differences. In order to ensure machining power to be adequate, 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. 

Table 4.5.1 Experimental condition for investigating the 75 μm in mean diameter of iron 

powder mixed with different sizes of abrasive grains 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

 

Compound magnetic abrasives 

Electrolytic iron powder : 75 μm in mean diameter 

Abrasive grains: # 4000, # 6000, # 8000, # 10000 

Oily grinding fluid: 2 ml  

Workinge gap 1 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm 

MAF test time 60 min 
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Figure 4.5.1 shows the non-contact 3D measurement of finished surface under the 75 μm 

in mean diameter of iron powder mixed with different sizes of abrasive grains conditions 

after 60 min MAF process obtained through a non-contact optical profiling microscope. 

Through comparing the finished surface profile under the 75 μm in mean diameter of iron 

powder mixed with different sizes of abrasive grains cases, it is recognized that the surface 

roughness Ra under 75 μm in mean diameter of iron powder mixed with # 10000 abrasive 

grains case is obviously smaller than the surface roughness Ra under 75 μm in mean 

diameter of iron powder mixed with # 6000 and # 8000 abrasive grains conditions. 

Moreover, the surface roughness Ra under 75 μm in mean diameter of iron powder mixed 

with # 10000 abrasive grains case is slightly smaller than the surface roughness Ra under 

75 μm in mean diameter of iron powder mixed with # 4000 abrasive grains conditions. 

Through comparing the SEM photographs of finished surface under the 75 μm in mean 

diameter of iron powder mixed with different sizes of abrasive grains cases, it also can be 

recognized that the finished surface accuracy under 75 μm in mean diameter of iron 

powder mixed with # 4000 and # 10000 abrasive grains conditions is remarkably better 

than the finished surface accuracy under 75 μm in mean diameter of iron powder mixed 

with # 6000 and # 8000 abrasive grains conditions. 

 

Fig. 4.5.1 Non-contact 3D measurement and SEM photographs of finished surface under 
the 75 μm in mean diameter of iron powder mixed with different sizes of abrasive grains 
conditions after 60 min MAF process 
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In order to quantitatively compare and estimate the difference of surface roughness Ra 

and material removal weight M under different finishing times of traditional MAF process 

(per 10 min). The surface roughness Ra is estimated through using a contact optical 

profiling microscope. The change in material removal weight M is measured through a 

high-precision electronic scale. Figure 4.5.2 shows the change in surface roughness Ra and 

material removal weight M as a function of MAF processing time under the 75 μm in mean 

diameter of iron powder mixed with different sizes of abrasive grains conditions. The 

surface roughness Ra is an average surface roughness value of three observed locations. 

Through quantitatively compare under the 75 μm in mean diameter of iron powder mixed 

with different sizes of abrasive grains conditions, it is noted that the surface roughness Ra 

under 75 μm in mean diameter of iron powder mixed with # 10000 abrasive grains 

conditions is remarkably smaller than the surface roughness Ra under 75 μm in mean 

diameter of iron powder mixed with other abrasive grains conditions. 

 

Fig. 4.5.2 Change in surface roughness Ra and material removal M as a function of MAF 

processing time under the 75 μm in mean diameter of iron powder mixed with different 

sizes of abrasive grains conditions 
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Table 4.5.2 shows the detailed experimental condition for investigating the 149 μm in 

mean diameter of iron powder mixed with different sizes of abrasive grains. The 149 μm in 

mean diameter of iron powder respectively mixes with # 4000 abrasive grains, # 6000 

abrasive grains, # 8000 abrasive grains and # 10000 abrasive grains. The amount of 

electrolytic iron powder is 0.8 g, the amount of WA abrasive grains is 0.2 g. The finishing 

time is selected as per 10 min (for six times) to measure and compare the finished surface 

differences. In order to ensure machining power to be adequate, 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. 

Table 4.5.2 Experimental condition for investigating the 149 μm in mean diameter of iron 

powder mixed with different sizes of abrasive grains 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

 

Compound magnetic abrasives 

Electrolytic iron powder : 149 μm in mean diameter 

Abrasive grains: # 4000, # 6000, # 8000, # 10000 

Oily grinding fluid: 2 ml  

Workinge gap 1 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm 

MAF test time 60 min 

Figure 4.5.3 shows the non-contact 3D measurement of finished surface under the 149 

μm in mean diameter of iron powder mixed with different sizes of abrasive grains 

conditions after 60 min MAF process obtained through a non-contact optical profiling 

microscope. Through comparing the finished surface profile under the 149 μm in mean 

diameter of iron powder mixed with different sizes of abrasive grains cases, it is 

recognized that the surface roughness Ra under 149 μm in mean diameter of iron powder 
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mixed with # 8000 abrasive grains case is obviously smaller than the surface roughness Ra 

under 149 μm in mean diameter of iron powder mixed with # 4000 abrasive grains 

conditions. Moreover, the surface roughness Ra under 149 μm in mean diameter of iron 

powder mixed with # 8000 abrasive grains case is slightly smaller than the surface 

roughness Ra under 149 μm in mean diameter of iron powder mixed with # 10000 and # 

6000 abrasive grains conditions. Through comparing the SEM photographs of finished 

surface under the 149 μm in mean diameter of iron powder mixed with different sizes of 

abrasive grains cases, it also can be recognized that the finished surface accuracy under 

149 μm in mean diameter of iron powder mixed with # 10000 and # 8000 abrasive grains 

conditions is remarkably better than the finished surface accuracy under 149 μm in mean 

diameter of iron powder mixed with # 6000 and # 4000 abrasive grains conditions. 

 

Fig. 4.5.3 Non-contact 3D measurement and SEM photographs of finished surface under 

the 149 μm in mean diameter of iron powder mixed with different sizes of abrasive grains 

conditions after 60 min MAF process 

In order to quantitatively compare and estimate the difference of surface roughness Ra 

and material removal weight M under different finishing times of traditional MAF process 

(per 10 min). The surface roughness Ra is estimated through using a contact optical 

profiling microscope. The change in material removal weight M is measured through a 
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high-precision electronic scale. Figure 4.5.4 shows the change in surface roughness Ra and 

material removal weight M as a function of MAF processing time under the 149 μm in 

mean diameter of iron powder mixed with different sizes of abrasive grains conditions. The 

surface roughness Ra is an average surface roughness value of three observed locations. 

Through quantitatively compare under the 149 μm in mean diameter of iron powder mixed 

with different sizes of abrasive grains conditions, it is noted that the surface roughness Ra 

under 149 μm in mean diameter of iron powder mixed with # 8000 abrasive grains 

conditions is remarkably smaller than the surface roughness Ra under 149 μm in mean 

diameter of iron powder mixed with other abrasive grains conditions. 

 

Fig. 4.5.4 Change in surface roughness Ra and material removal M as a function of MAF 

processing time under the 149 μm in mean diameter of iron powder mixed with different 

sizes of abrasive grains conditions  

Table 4.5.3 shows the detailed experimental condition for investigating the 330 μm in 

mean diameter of iron powder mixed with different sizes of abrasive grains. The 330 μm in 

mean diameter of iron powder respectively mixes with # 4000 abrasive grains, # 6000 

abrasive grains, # 8000 abrasive grains and # 10000 abrasive grains. The amount of 
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electrolytic iron powder is 0.8 g, the amount of WA abrasive grains is 0.2 g. The finishing 

time is selected as per 10 min (for six times) to measure and compare the finished surface 

differences. In order to ensure machining power to be adequate, 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. 

Table 4.5.3 Experimental condition for investigating the 330 μm in mean diameter of iron 

powder mixed with different abrasive grains 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

 

Compound magnetic abrasives 

Electrolytic iron powder : 330 μm in mean diameter 

Abrasive grains: # 4000, # 6000, # 8000, # 10000 

Oily grinding fluid: 2 ml  

Workinge gap 1 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm 

MAF test time 60 min 

Figure 4.5.5 shows the non-contact 3D measurement of finished surface under the 330 

μm in mean diameter of iron powder mixed with different sizes of abrasive grains 

conditions after 60 min MAF process obtained through a non-contact optical profiling 

microscope. Through comparing the finished surface profile under the 330 μm in mean 

diameter of iron powder mixed with different sizes of abrasive grains cases, it is 

recognized that the surface roughness Ra under 330 μm in mean diameter of iron powder 

mixed with # 4000 abrasive grains case is obviously smaller than the surface roughness Ra 

under 330 μm in mean diameter of iron powder mixed with other abrasive grains 

conditions. Through comparing the SEM photographs of finished surface under the 330 μm 

in mean diameter of iron powder mixed with different sizes of abrasive grains cases, it also 
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can be recognized that the finished surface accuracy under 330 μm in mean diameter of 

iron powder mixed with # 4000 and # 10000 abrasive grains conditions is remarkably 

better than the finished surface accuracy under 330 μm in mean diameter of iron powder 

mixed with # 6000 and # 8000 abrasive grains conditions. 

 

Fig. 4.5.5 Non-contact 3D measurement and SEM photographs of finished surface under 

the 330 μm in mean diameter of iron powder mixed with different sizes of abrasive grains 

conditions after 60 min MAF process 

In order to quantitatively compare and estimate the difference of surface roughness Ra 

and material removal weight M under different finishing times of traditional MAF process 

(per 10 min). The surface roughness Ra is estimated through using a contact optical 

profiling microscope. The change in material removal weight M is measured through a 

high-precision electronic scale. Figure 4.5.6 shows the change in surface roughness Ra and 

material removal weight M as a function of MAF processing time under the 330 μm in 

mean diameter of iron powder mixed with different sizes of abrasive grains conditions. The 

surface roughness Ra is an average surface roughness value of three observed locations. 

Through quantitatively compare under the 330 μm in mean diameter of iron powder mixed 

with different sizes of abrasive grains conditions, it is noted that the surface roughness Ra 

under 330 μm in mean diameter of iron powder mixed with # 4000 abrasive grains 
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conditions is remarkably smaller than the surface roughness Ra under 330 μm in mean 

diameter of iron powder mixed with other abrasive grains conditions. 

 

Fig. 4.5.6 Change in surface roughness Ra and material removal M as a function of MAF 

processing time under the 330 μm in mean diameter of iron powder mixed with different 

sizes of abrasive grains conditions 

Finally, we choose the best experimental results from each of above experimental results 

to compare surface profile shown in Figure 4.5.7. Through comparing the finished surface 

profile, it is recognized that the surface roughness Ra under 149 μm in mean diameter of 

iron powder mixed with # 8000 abrasive grains case is obviously smaller than the surface 

roughness Ra under the other two conditions. The surface roughness Ra under 75 μm in 

mean diameter of iron powder mixed with # 10000 abrasive grains case is slightly smaller 

than the surface roughness Ra under 330 μm in mean diameter of iron powder mixed with # 

4000 abrasive grains case. Through comparing the SEM photographs of finished surface, it 

also can be recognized that the finished surface accuracy under 149 μm in mean diameter 

of iron powder mixed with # 8000 abrasive grains case is remarkably better than the 

finished surface accuracy under the other two conditions. The finished surface accuracy 



Chapter 4 Stainless steel SUS304 plane workpiece finishing by using 
electrolytic magnetic compound machining tool in traditional 
magnetic abrasive finishing 

74 

under 75 μm in mean diameter of iron powder mixed with # 10000 abrasive grains case is a 

little better than the finished surface accuracy under 330 μm in mean diameter of iron 

powder mixed with # 4000 abrasive grains case. 

 

Fig. 4.5.7 Non-contact 3D measurement and SEM photographs of finished surface in 

various compound magnetic abrasives conditions after 60 min MAF process 

Figure 4.5.8 shows the change in surface roughness Ra and material removal M as a 

function of MAF processing time under different compound magnetic abrasives conditions. 

Through comparing the experimental results, it is noted that the surface roughness Ra under 

149 μm in mean diameter of iron powder mixed with # 8000 abrasive grains case is 

obviously smaller than the surface roughness Ra under the other two conditions before 50 

min finishing time. The surface roughness Ra under 75 μm in mean diameter of iron 

powder mixed with # 10000 abrasive grains case is smaller than the surface roughness Ra 

under the other two conditions after 50 min finishing time. Moreover, the change in 

material removal weight M is almost same under the three kinds of conditions before 40 

min finishing time. The change in material removal weight M under 75 μm in mean 

diameter of iron powder mixed with # 10000 abrasive grains case is much more than the 

change in material removal weight M under the other two conditions after 40 min finishing 

time. 
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Fig. 4.5.8 Change in surface roughness Ra and material removal M as a function of MAF 

processing time under different compound magnetic abrasives conditions 
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4.6 Multi-stage magnetic abrasive finishing 

  Based on the abovementioned studies of processing parameters, the working gap is set at 

1 mm, the feeding speed of X-Y stage is adjusted to 5 mm/s and the rotational speed of 

compound machining tool is adjusted to 450 rpm. Table 4.6.1 shows the experimental 

conditions for investigating the multi-stage magnetic abrasive finishing. Surface roughness 

of workpiece is measured at approximate 160 ~ 220 nm Ra as an original roughness before 

machining. The finishing time is selected as per 10 min (for six times) to measure and 

compare the finished surface differences. The electrolytic iron powder is selected at 30 μm, 

75 μm, 149 μm, 330 μm in mean diameter, the abrasive grains is selected at # 4000, # 6000, 

# 8000, # 10000. The amount ratio of electrolytic iron powder and abrasive grains is 4:1. 

The amount of electrolytic iron powder is respectively 0.8 g and the amount of WA 

abrasive grains is 0.2 g. 

Table 4.6.1 Experimental condition for investigating the multi-stage magnetic abrasive 

finishing 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

 

Compound magnetic abrasives 

Electrolytic iron powder : 30 μm,75 μm, 149 μm, 

330 μm in mean diameter 

Abrasive grains: # 4000, # 6000, # 8000, # 10000 

Oily grinding fluid: 2 ml  

Workinge gap 1 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm 

MAF test time 60 min 

We mainly investigate combination of electrolytic iron powder and abrasive grains 

during the multi-stage magnetic abrasive finishing. There are four kinds of combinations of 
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electrolytic iron powder and abrasive grains to investigate multi-stage magnetic abrasive 

finishing. The detailed combinations of electrolytic iron powder and abrasive grains are 

shown in Table 4.6.2. In the No. 1, 330 µm electrolytic iron powder and #4000 abrasive 

grains are used in the first step (first 10 finishing time); 330 µm electrolytic iron powder 

and #4000 abrasive grains are used in the second step (second 10 finishing time); 149 µm 

electrolytic iron powder and #8000 abrasive grains are used in the third step (third 10 

finishing time); 149 µm electrolytic iron powder and #8000 abrasive grains are used in the 

fourth step (fourth 10 finishing time); 75 µm electrolytic iron powder and #10000 abrasive 

grains are used in the fifth step (fifth 10 finishing time); 75 µm electrolytic iron powder 

and #10000 abrasive grains are used in the sixth step (sixth 10 finishing time). In the No. 2, 

330 µm electrolytic iron powder and #4000 abrasive grains are used in the first step (first 

10 finishing time); 149 µm electrolytic iron powder and #8000 abrasive grains are used in 

the second step (second 10 finishing time); 149 µm electrolytic iron powder and #8000 

abrasive grains are used in the third step (third 10 finishing time); 75 µm electrolytic iron 

powder and #10000 abrasive grains are used in the fourth step (fourth 10 finishing time); 

75 µm electrolytic iron powder and #10000 abrasive grains are used in the fifth step (fifth 

10 finishing time); 30 µm electrolytic iron powder and #20000 abrasive grains are used in 

the sixth step (sixth 10 finishing time). In the No. 3, 149 µm electrolytic iron powder and 

#8000 abrasive grains are used in the first step (first 10 finishing time); 149 µm electrolytic 

iron powder and #8000 abrasive grains are used in the second step (second 10 finishing 

time); 75 µm electrolytic iron powder and #10000 abrasive grains are used in the third step 

(third 10 finishing time); 75 µm electrolytic iron powder and #10000 abrasive grains are 

used in the fourth step (fourth 10 finishing time); 30 µm electrolytic iron powder and 

#20000 abrasive grains are used in the fifth step (fifth 10 finishing time); 30 µm 

electrolytic iron powder and #20000 abrasive grains are used in the sixth step (sixth 10 

finishing time). In the No. 4, 330 µm electrolytic iron powder and #4000 abrasive grains 

are used in the first step (first 10 finishing time); 149 µm electrolytic iron powder and 

#8000 abrasive grains are used in the second step (second 10 finishing time); 75 µm 
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electrolytic iron powder and #10000 abrasive grains are used in the third step (third 10 

finishing time); 75 µm electrolytic iron powder and #10000 abrasive grains are used in the 

fourth step (fourth 10 finishing time); 30 µm electrolytic iron powder and #20000 abrasive 

grains are used in the fifth step (fifth 10 finishing time); 30 µm electrolytic iron powder 

and #20000 abrasive grains are used in the sixth step (sixth 10 finishing time). 

Table. 6.2 Combinations of electrolytic iron powder and abrasive grains 

 First step Second step Third step Fourth step Fifth step Sixth step 

No. 1 330 µm+ #4000 330 µm+ #4000 149 µm+ #8000 149 µm+ #8000 75 µm+ #10000 75 µm+ #10000 

No. 2 330 µm+ #4000 149 µm+ #8000 149 µm+ #8000 75 µm+ #10000 75 µm+ #10000 30 µm+ #20000 

No. 3 149 µm+ #8000 149 µm+ #8000 75 µm+ #10000 75 µm+ #10000 30 µm+ #20000 30 µm+ #20000 

No. 4 330 µm+ #4000 149 µm+ #8000 75 µm+ #10000 75 µm+ #10000 30 µm+ #20000 30 µm+ #20000 

Figure 4.6.1 shows the non-contact 3D measurement and SEM photographs of finished 

surface in multi-stage magnetic abrasive finishing after 60 min MAF process. Compared 

with the finished surface profile of original workpiece, it is recognized that the surface 

roughness Ra during No. 1 and No. 2 multi-stage magnetic abrasive finishing is obviously 

smaller than the surface roughness Ra during No. 3 and No. 4 multi-stage magnetic 

abrasive finishing. Moreover, the surface roughness Ra during No. 1 multi-stage magnetic 

abrasive finishing is slightly smaller than the surface roughness Ra during No. 2 

multi-stage magnetic abrasive finishing. Through comparing the SEM photographs of 

finished surface, it also can be recognized that the finished surface accuracy during No. 1 

and No. 2 multi-stage magnetic abrasive finishing is remarkably better than the finished 

surface accuracy during No. 3 and No. 4 multi-stage magnetic abrasive finishing. 
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Fig. 4.6.1 Non-contact 3D measurement and SEM photographs of finished surface in 

multi-stage magnetic abrasive finishing after 60 min MAF process 

Figure 4.6.2 shows the change in surface roughness Ra as a function of MAF processing 

time in multi-stage magnetic abrasive finishing. Through comparing four kinds of 

multi-stage magnetic abrasive finishing, it is noted that the surface roughness Ra during No. 

1 multi-stage magnetic abrasive finishing is obviously smaller than the surface roughness 

Ra during the other three conditions. The surface roughness Ra during No. 2 multi-stage 

magnetic abrasive finishing is approximately same as the surface roughness Ra during No. 

4 multi-stage magnetic abrasive finishing. The surface roughness Ra during No. 3 

multi-stage magnetic abrasive finishing is biggest during the four kinds of multi-stage 

magnetic abrasive finishing. 
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Fig. 4.6.2 Change in surface roughness Ra as a function of MAF processing time in 

multi-stage magnetic abrasive finishing 
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4.7 Conclusions 

  In this chapter, the mechanical finishing characteristics of MAF process were firstly 

investigated in order to explore the optimal mechanical finishing conditions of the 

electrolytic magnetic compound machining tool. The main conclusions were shown as 

follows: 

(1) Through quantitatively compare under different amount of iron powder and WA 

abrasive grain conditions, it is noted that 1 g mixed magnetic abrasives is the most suitable 

amount. 

(2) It can be approximately regarded that the different feeding speed conditions have little 

effect on both the change in surface roughness Ra and material removal M through 

measured results and observed images. 

(3) Through quantitatively compare under different rotational speed of compound 

machining tool conditions, it can be recognized that the higher surface accuracy can be 

obtained at relatively higher rotational speed (450 rpm) condition. 

(4) Through quantitatively compare under different working gap conditions, it can be 

recognized that the higher surface accuracy can be obtained at relatively smaller working 

gap (1 mm) condition. 

(5) The combination of 149 μm iron powder mixed with #8000 WA particles can be 

considered as the optimal mixed magnetic abrasive through the experimental results. 

(6) Through comparing four kinds of multi-stage magnetic abrasive finishing, it is noted 

that the surface roughness Ra in the condition of No. 1 multi-stage magnetic abrasive 

finishing is obviously smaller than the surface roughness Ra during the other three 

conditions.
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Chapter 5 Study on finishing stainless steel SUS304 plane 

workpiece finishing by using electrolytic magnetic compound 

machining tool in electrolytic process 

  Through the foregoing narrative, it is easy to see that electrolytic process plays an 

extremely important role in EMAF process. The main role of electrolytic process is rapidly 

decreasing surface hardness through the formed passive films, and the initial hairline of 

surface can be reduced to achieve finitely planarization [1, 2]. Hence, the investigations of 

electrolytic process were also necessarily carried out before researching EMAF process. 

The working voltage, electrolyte concentration, working gap, rotational speed of tool and 

feeding speed of X-Y stage were emphatically investigated [3]. Due to the unstable contact 

between carbon brush and copper ring when the spindle rotates with a high speed, resulting 

in the electrolytic current instability. In order to solve this problem, from this chapter, the 

electrodes connected to the negative of DC constant voltage power through a thin copper 

sheet with elasticity instead of the previously mentioned carbon brush. 

 

Fig. 5 Improved experimental setup 
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5.1 Investigation of electrolytic process characteristics of voltage 

  Fristly, we focused on investigating the effect of working voltage on change in surface 

roughness and hardness. Table 5.1 shows experimental condition for investigating 

electrolytic process characteristics of different voltage. The surface roughness Ra of 

workpiece is measured at approximate 0.16 ~ 0.2 μm as an original roughness. The 

working gap is adjusted to 1 mm, the rotational speed of machining tool is selected at 450 

rpm, the feeding speed of X-Y stage is adjusted to 5 mm/s, and the electrolyte 

concentration is respectively selected as 20 wt%. The working voltage is respectively 

selected at 8 V, 10 V and 12 V. The finishing time of electrolytic process is respectively 

selected at 2 min, 4 min, 6 min, 8 min and 10 min. 

Table 5.1 Experimental condition for investigating electrolytic process characteristics of 

working voltage 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 200 nm 

Working voltage 8 V, 10 V, 12 V 

Electrolyte concentration 20 wt% 

Workinge gap 1 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm 

MAF test time 2, 4, 6, 8, 10 min 

Figure 5.1.1 shows the change in surface roughness Ra and material removal M as a 

function of electrolytic processing time under various voltage conditions. Through 
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quantitatively compare change in surface roughness Ra and material removal M under 

various voltage conditions, it is noted that the surface roughness Ra at 12 V voltage case is 

obviously smaller than the surface roughness Ra under other voltage cases. Moreover, the 

material removal M at 12 V voltage case is also remarkably more than the material removal 

M under other voltage cases. 

  
Fig. 5.1.1 Change in surface roughness Ra and material removal M as a function of 

electrolytic processing time under various voltage conditions 

  Although the surface roughness can be obtained below 100 nm in electrolytic process, it 

can be found that the intensity of finished surface is not good since the passive films 

formed on the finished surface through the exterior photo of finished surface shown in 

Figure 5.1.2. 
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Fig. 5.1.2 Exterior photo of finished surface in electrolytic process 

The non-contact 3D measurement and images of finished surface after various 

electrolytic processing time at 8, 10, 12 V voltage cases obtained through a non-contact 

optical profiling microscope are respectively shown from Figure 5.1.3 ~ 5.1.5. Through 

comparing the 3D measurement and images of finished surface under various voltage 

conditions, it is recognized that the finished surface accuracy at 10 min 8 V voltage 

condition is better than the finished surface accuracy at other finishing time 8 V voltage 

conditions; the finished surface accuracy at 10 min 10 V voltage condition is better than 

the finished surface accuracy at other finishing time 10 V voltage conditions; the finished 

surface accuracy at 6 min 12 V voltage condition is better than the finished surface 

accuracy at other finishing time 12 V voltage conditions. 

 
Fig. 5.1.3 Non-contact 3D measurement and images of finished surface after various 

electrolytic processing time at 8 V voltage case 

Passive films 
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Fig. 5.1.4 Non-contact 3D measurement and images of finished surface after various 

electrolytic processing time at 10 V voltage case 

 

Fig. 5.1.5 Non-contact 3D measurement and images of finished surface after various 

electrolytic processing time at 12 V voltage case 

Figure 5.1.6 shows the change in hardness HV of finished surface after various 

electrolytic processing time under various voltage cases. Through comparing the change in 

hardness HV of finished surface after various electrolytic processing time under various 
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voltage conditions, it can be clearly found that the hardness HV of finished surface 

decreases with machining time increases under same working voltage; the hardness HV of 

finished surface decreases with voltage increases at same machining time. Moreover, it is 

also regarded that the hardness of finished surface can be maximally reduced by 15% 

under 12 V voltage at 6 min machining time condition. Thence, it can be considered 

slightly better electrolytic process characteristics of working voltage can be obtained at 12 

V voltage case. 

 
Fig. 5.1.6 Change in hardness HV of finished surface after various electrolytic processing 

time under various voltage cases 
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5.2 Investigation of electrolytic process characteristics of electrolyte concentration 

Then, we focused on investigating the effect of electrolyte concentration on change in 

surface roughness and hardness. Table 5.2 shows experimental condition for investigating 

electrolytic process characteristics of different electrolyte concentration. The surface 

roughness Ra of workpiece is measured at approximate 0.16 ~ 0.2 μm as an original 

roughness. The working gap is adjusted to 1 mm, the rotational speed of machining tool is 

selected at 450 rpm, the feeding speed of X-Y stage is adjusted to 5 mm/s, and the working 

voltage is selected at 10 V. The electrolyte concentration is respectively selected as 10 wt%, 

20 wt% and 30 wt%. The finishing time of electrolytic process is selected at 6 min. 

Table 5.2 Experimental condition for investigating electrolytic process characteristics of 

electrolyte concentration 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 200 nm 

Working voltage 10 V 

Electrolyte concentration 10 wt%, 20 wt%, 30 wt% 

Workinge gap 1 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm 

MAF test time 6 min 

Figure 5.2.1 shows the change in surface roughness Ra and material removal M as a 

function of electrolytic processing time under various electrolyte concentration conditions. 

Through quantitatively compare change in surface roughness Ra and material removal M 
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under various electrolyte concentration conditions, it is noted that the surface roughness Ra 

at 20wt% and 30wt% cases is obviously smaller than the surface roughness Ra under 10wt% 

case. Moreover, the material removal M at 30wt% case is also remarkably more than the 

material removal M under other electrolyte concentration cases. 

 

Fig. 5.2.1 Change in surface roughness Ra and material removal M under various 

electrolyte concentration conditions at 6 min finishing time and 10 V voltage case 

The non-contact 3D measurement and images of finished surface under various 

electrolyte concentration conditions at 6 min finishing time and 10 V voltage case obtained 

through a non-contact optical profiling microscope is shown in Figure 5.2.2. Through 

comparing the 3D measurement and images of finished surface under various electrolyte 

concentration conditions, it is recognized that the finished surface accuracy under 20wt% 

and 30wt% conditions is obviously better than the finished surface accuracy under 10wt% 

condition. Moreover, the finished surface accuracy under 30wt% condition is slightly 

better than the finished surface accuracy under 20wt% condition. 
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Fig. 5.2.2 Non-contact 3D measurement and images of finished surface under various 

electrolyte concentration conditions at 6 min finishing time and 10 V voltage case 

The change in hardness HV of finished surface with different electrolyte concentration 

conditions at 6 min finishing time and 10 V voltage case is shown in Figure 5.2.3. Through 

comparing the change in hardness HV of finished surface under various electrolyte 

concentration conditions, it is recognized that the hardness HV of finished surface under 

30wt% electrolyte concentration condition is smaller than the hardness HV of finished 

surface under 20wt% and 10wt% electrolyte concentration conditions. Therefore, it can be 

regarded that the hardness HV decreases with the electrolyte concentration increases 

through experimental result. In other words, it can be considered slightly better electrolytic 

process characteristics of electrolyte concentration can be obtained under 20wt% or 30wt% 

electrolyte concentration case. 
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Fig. 5.2.3 Change in hardness of finished surface under various electrolyte concentration 

conditions at 6 min finishing time and 10 V voltage case 
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5.3 Investigation of electrolytic process characteristics of working gap 

After that, we focused on investigating the effect of working gap on change in surface 

roughness and hardness. Table 5.3 shows experimental condition for investigating 

electrolytic process characteristics of different working gap. The surface roughness Ra of 

workpiece is measured at approximate 0.16 ~ 0.2 μm as an original roughness. The 

rotational speed of machining tool is selected at 450 rpm, the feeding speed of X-Y stage is 

adjusted to 5 mm/s, the electrolyte concentration is selected as 20 wt%, and the working 

voltage is selected at 10 V. The working gap is respectively adjusted to 1 mm, 1.5 mm and 

2 mm. The finishing time of electrolytic process is selected at 6 min. 

Table 5.3 Experimental condition for investigating electrolytic process characteristics of 

electrolyte concentration 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

Working voltage 10 V 

Electrolyte concentration 20 wt% 

Workinge gap 1 mm, 1.5 mm, 2 mm 

Feeding speed 5 mm/s 

Rotational speed 450 rpm 

MAF test time 6 min 

Figure 5.3.1 shows the change in surface roughness Ra and material removal M as a 

function of electrolytic processing time under various working gap conditions. Through 

quantitatively compare change in surface roughness Ra and material removal M under 
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various working gap conditions, it is noted that the surface roughness Ra at 1 mm working 

gap case is obviously smaller than the surface roughness Ra under other two cases. 

Moreover, the material removal M at 1 mm working gap case is also remarkably more than 

the material removal M under other working gap cases. 

 
Fig. 5.3.1 Change in surface roughness Ra and material removal M under various working 

gap conditions at 6 min finishing time and 10 V voltage case 

The non-contact 3D measurement and images of finished surface under various working 

gap conditions at 6 min finishing time and 10 V voltage case obtained through a 

non-contact optical profiling microscope is shown in Figure 5.3.2. Through comparing the 

3D measurement and images of finished surface under various working gap conditions, it 

is recognized that the finished surface accuracy under 1 mm working gap condition is 

slightly better than the finished surface accuracy under 1.5 mm and 2 mm working gap 

conditions. 
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Fig. 5.3.2 Non-contact 3D measurement and images of finished surface under various 

working gap conditions at 6 min finishing time and 10 V voltage case 

The change in hardness HV of finished surface with different working gap conditions at 

6 min finishing time and 10 V voltage case is shown in Figure 5.3.3. Through comparing 

the change in hardness HV of finished surface under various working gap conditions, it is 

recognized that the hardness HV of finished surface under 1 mm working gap condition is 

smaller than the hardness HV of finished surface under 1.5 mm and 2 mm working gap 

conditions. Hence, it can be regarded that the hardness HV decreases with the working gap 

decreases. In other words, it can be considered slightly better electrolytic process 

characteristics of working gap can be obtained at 1 mm working gap case. 
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Fig. 5.3.3 Change in hardness of finished surface under various working gap conditions at 

6 min finishing time and 10 V voltage case 
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5.4 Investigation of electrolytic process characteristics of rotational speed 

After that, we focused on investigating the effect of rotational speed on change in 

surface roughness and hardness. Table 5.4 shows experimental condition for investigating 

electrolytic process characteristics of different rotational speed. The surface roughness Ra 

of workpiece is measured at approximate 0.16 ~ 0.2 μm as an original roughness. The 

feeding speed of X-Y stage is adjusted to 5 mm/s, the electrolyte concentration is selected 

as 20 wt%, the working gap is adjusted to 1 mm, and the working voltage is selected at 10 

V. The rotational speed of machining tool is respectively selected at 230 rpm and 450 rpm. 

The finishing time of electrolytic process is selected at 6 min. 

Table 5.4 Experimental condition for investigating electrolytic process characteristics of 

electrolyte concentration 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

Working voltage 10 V 

Electrolyte concentration 20 wt% 

Workinge gap 1 mm 

Feeding speed 5 mm/s 

Rotational speed 230 rpm, 450 rpm 

MAF test time 6 min 

Figure 5.4.1 shows the change in surface roughness Ra and material removal M under 

various rotational speed conditions at 6 min finishing time and 10 V voltage case. Through 

quantitatively compare change in surface roughness Ra and material removal M under 
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various rotational speed conditions, it is noted that the surface roughness Ra at 450 rpm 

case is obviously smaller than the surface roughness Ra at 230 rpm case. Moreover, the 

material removal M at 450 rpm case is also remarkably more than the material removal M 

at 230 rpm case. 

 
Fig. 5.4.1 Change in surface roughness Ra and material removal M under various rotational 

speed conditions at 6 min finishing time and 10 V voltage case 

The non-contact 3D measurement and images of finished surface under various 

rotational speed conditions at 6 min finishing time and 10 V voltage case obtained through 

a non-contact optical profiling microscope is shown in Figure 5.4.2. Through comparing 

the 3D measurement and images of finished surface under various rotational speed 

conditions, it is recognized that the finished surface accuracy under 450 rpm rotational 

speed condition is approximately same as the finished surface accuracy under 230 rpm 

rotational speed condition. 
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Fig. 5.4.2 Non-contact 3D measurement and images of finished surface under various 

rotational speed conditions at 6 min finishing time and 10 V voltage case 

The change in hardness HV of finished surface with different rotational speed conditions 

at 6 min finishing time and 10 V voltage case is shown in Figure 5.4.3. Through comparing 

the change in hardness HV of finished surface under various rotational speed conditions, it 

is recognized that the hardness HV of finished surface under 450 rpm rotational speed 

condition is smaller than the hardness HV of finished surface under 230 rpm rotational 

speed condition. The experimental result indicated that the hardness HV decreases with the 

rotational speed increases. So, it can be regarded slightly better electrolytic process 

characteristics of rotational speed can be obtained at 450 rpm rotational speed case.  
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Fig. 5.4.3 Change in hardness of finished surface under various rotational speed conditions 

at 6 min finishing time and 10 V voltage case 
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5.5 Investigation of electrolytic process characteristics of feeding speed 

Finally, we focused on investigating the effect of feeding speed on change in surface 

roughness and hardness. Table 5.5 shows experimental condition for investigating 

electrolytic process characteristics of different feeding speed. The surface roughness Ra of 

workpiece is measured at approximate 0.16 ~ 0.2 μm as an original roughness. The 

rotational speed of machining tool is selected at 450 rpm, working gap is adjusted to 1 mm, 

the electrolyte concentration is selected as 20 wt%, and the working voltage is selected at 

10 V. The feeding speed of X-Y stage is respectively adjusted to 5 mm/s and 10 mm/s. The 

finishing time of electrolytic process is selected at 6 min. 

Table 5.5 Experimental condition for investigating electrolytic process characteristics of 

electrolyte concentration 

Workpiece SUS304 plane (100 × 100 × 1 mm) 

Original surface roughness 160 ~ 220 nm 

Working voltage 10 V 

Electrolyte concentration 20 wt% 

Workinge gap 1 mm 

Feeding speed 5 mm/s, 10 mm/s 

Rotational speed 450 rpm 

MAF test time 6 min 

Figure 5.5.1 shows the change in surface roughness Ra and material removal M under 

various feeding speed conditions at 6 min finishing time and 10 V voltage case. Through 

quantitatively compare change in surface roughness Ra and material removal M under 
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various feeding speed conditions, it is noted that the surface roughness Ra at 5 mm/s case is 

a little smaller than the surface roughness Ra at 10 mm/s case. Moreover, the material 

removal M at 5 mm/s case is also a little more than the material removal M at 10 mm/s 

case. 

 

Fig. 5.5.1 Change in surface roughness Ra and material removal M under various feeding 

speed conditions at 6 min finishing time and 10 V voltage case 

The non-contact 3D measurement and images of finished surface under various feeding 

speed conditions at 6 min finishing time and 10 V voltage case obtained through a 

non-contact optical profiling microscope is shown in Figure 5.5.2. Through comparing the 

3D measurement and images of finished surface under various feeding speed conditions, it 

is recognized that the finished surface accuracy under 5 mm/s feeding speed condition is 

approximately same as the finished surface accuracy under 10 mm/s feeding speed 

condition. 
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Fig. 5.5.2 Non-contact 3D measurement and images of finished surface under various 

feeding speed conditions at 6 min finishing time and 10 V voltage case 

The change in hardness HV of finished surface with different feeding speed conditions 

at 6 min finishing time and 10 V voltage case is shown in Figure 5.5.3. Through comparing 

the change in hardness HV of finished surface under various feeding speed conditions, it is 

recognized that the hardness HV of finished surface under 5 mm/s feeding speed condition 

is almost same as the hardness HV of finished surface under 10 mm/s feeding speed 

condition. Therefore, it can be regarded that the effect of feeding speed on hardness HV of 

finished surface can be almost neglected. 
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Fig. 5.5.3 Change in hardness of finished surface under various feeding speed conditions at 

6 min finishing time and 10 V voltage case 
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5.6 EDX analysis of surface composition and SEM analysis of surface morphology  

The homogeneity of finished surface materials as an important parameter is investigated 

by Energy Dispersive X-Ray Spectroscopy (HITACHI S 4500 & HITACHI TM 3030 Plus) 

to evaluate the change in elemental composition in different finishing processes. Since the 

main metal composition of stainless steel SUS304 is iron element (70%) and chromium 

element (18%), the change in iron and chromium elements will be emphatically measured 

[3]. Figure 5.6.1 shows the change in content of iron (Fe), chromium (Cr), oxygen (O) 

elements after electrolytic process and EMAF process by EDX analysis. The composition 

of original surface is shown in Figure 5.6.1 (a). It can be confirmed that the major 

composition of SUS304 is constituted by Fe, Cr, Ni and other elements through Figure 

5.6.1 (a). Figure 5.6.1 (b), (c) respectively shows that composition of finished surface after 

electrolytic process and EMAF process. Compared with the composition of original 

surface, it can be found that the composition of finished surface after electrolytic process is 

significantly different from the composition of original surface. As previously mentioned, a 

large amount of metal ions have been dissolved out on the surface of workpiece under the 

action of electrolytic process. It is the main reason for that the content of Fe, Cr etc. metal 

elements after electrolytic process is less than the content of original surface composition. 

Additionally, the content of O element is a little more than the content of original surface 

composition since passive films formed on the workpiece surface under electrolytic action. 

Through comparing Figure 5.6.1 (a) and Figure 5.6.1 (c), it can be revealed that the content 

of Fe, Cr etc. metal elements and the content of O element after EMAF process are almost 

same as original surface. It is because the formed passive films have been almost 

completely removed after EMAF process, and the original material exposed on the surface. 
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(a) EDX analysis of original surface 

 
(b) EDX analysis of finished surface after electrolytic process 

 
(c) EDX analysis of finished surface after EMAF process 

Fig. 5.6.1 Change in content of iron (Fe), chromium (Cr), oxygen (O) elements after 

electrolytic process and EMAF process by EDX analysis 

(a) Before finishing 

(b) Electrolytic process 

(c) EMAF process 
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  Obviously, it can be confirmed that the electrolytic process is a main reason for leading 

to change in the content of finished surface composition. Since the major composition of 

SUS304 material is constituted by Fe, Cr, Ni elements, Figure 5.6.2 depicts some 

representative images of Fe, Cr and Ni elements along with the local elemental distribution 

mapping. The main compositions of original surface before electrolytic process are shown 

in Figure 5.6.2 (a); the change in main compositions of the finished surface after 

electrolytic process is shown in Figure 5.6.2 (b). 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 

significantly decreases during electrolytic process. The results also completely conforms 

that electrochemical reactions occur during the electrolytic process. In addition, the local 

elemental mapping indicates that the distribution of Fe, Cr and Ni elements becomes 

non-uniform after electrolytic process. 

 
Figure 5.6.2 Representative SEM images and elemental mapping of Fe, Cr and Ni element 

  While measuring elemental composition, the surface morphology also is obtained by a 
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scanning electron microscope (SEM) shown in Figure 5.6.3. It can be seen that the 

numbers of micro-porous increase with electrolytic process time increases under same 

working voltage case; the depth of micro-porous also become deepen with electrolytic 

process time increases under same working voltage case. In addition, it also can be noted 

that the numbers of micro-porous increase with working voltage increases at the same 

electrolytic process time case; the depth of micro-porous also become deepen with working 

voltage increases at the same electrolytic process time case. In particular, the change in 

surface morphology is especially significant at 12 V voltage condition. 

 

Figure 5.6.3 SEM images under different electrolytic process time and different working 

voltage conditions 
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5.7 Conclusions 

In the chapter 5, the electrolytic action of electrolytic process was firstly investigated in 

order to explore the optimal electrolytic machining conditions of the electrolytic magnetic 

compound machining tool. The main conclusions were shown as follows: 

(1) Through quantitatively compare change in surface roughness Ra and material removal 

M under various voltage conditions, it is noted that the relatively smaller surface roughness 

Ra and relatively more material removal M can be obtained at 12 V voltage condition. 

Additionally, it also can be clearly found that the hardness HV of finished surface 

decreases with machining time increases under same working voltage; the hardness HV of 

finished surface decreases with voltage increases at same machining time. Moreover, it is 

also regarded that the hardness of finished surface can be maximally reduced by 15% 

under 12 V voltage at 6 min machining time condition. 

(2) Through quantitatively compare change in surface roughness Ra and material removal 

M under various electrolyte concentration conditions, it is noted that the surface roughness 

Ra at 20wt% and 30wt% cases is obviously smaller than the surface roughness Ra under 

10wt% case. The material removal M at 30wt% case is also remarkably more than the 

material removal M under other electrolyte concentration cases. Moreover, it also can be 

considered that the hardness HV decreases with the electrolyte concentration increases 

through experimental result. 

(3) Through quantitatively compare change in surface roughness Ra and material removal 

M under various working gap conditions, it is noted that the surface roughness Ra at 1 mm 

working gap case is obviously smaller than the surface roughness Ra under other two cases. 

The material removal M at 1 mm working gap case is also remarkably more than the 
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material removal M under other working gap cases. Furthermore, it can be regarded that 

the hardness HV decreases with the working gap decreases. 

(4) Through quantitatively compare change in surface roughness Ra and material removal 

M under various rotational speed conditions, it is noted that the surface roughness Ra at 450 

rpm case is obviously smaller than the surface roughness Ra at 230 rpm case. The material 

removal M at 450 rpm case is also remarkably more than the material removal M at 230 

rpm case. In addition, the experimental result indicated that the hardness HV decreases 

with the rotational speed increases. 

(5) Through quantitatively compare change in surface roughness Ra and material removal 

M under various feeding speed conditions, it is noted that the surface roughness Ra at 5 

mm/s case is a little smaller than the surface roughness Ra at 10 mm/s case. The material 

removal M at 5 mm/s case is also a little more than the material removal M at 10 mm/s 

case. Moreover, it can be regarded that the effect of feeding speed on hardness HV of 

finished surface can be almost neglected. 

(6) The generation of passive films, EDX analysis of surface composition and SEM 

analysis of surface morphology has been completed at the end of this chapter. 
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Chapter 6 Study on finishing stainless steel SUS304 plane 

workpiece by using electrolytic magnetic compound machining 

tool in electrolytic magnetic abrasive finishing 

The focus of this study is to develop a new method of plane magnetic abrasive finishing 

combined with electrolytic process to solve the problem of low efficiency when polishing 

hard metal materials by traditional magnetic abrasive finishing. The EMAF process 

includes two finishing steps which are respectively the 1st finishing step (EMAF step) and 

the 2nd finishing step (MAF step). In EMAF step, protruding portions are preferentially 

leveled, material remove rapidly increases and passive films form on the surface of 

workpiece under electrolytic action. Simultaneously, the magnetic abrasive particles of 

magnetic brush are used to exert friction on the surface of workpiece. Compared to 

stainless steel SUS304 material, the passive films can be more easily removed. By the way, 

the hardness of passive films is smaller than the hardness of SUS304 stainless material [1]. 

Thus, the efficient of precision machining can be basically achieved in EMAF step. 

However, generated speed of passive films is far faster than removed speed of passive 

films. Since a few passive films still exists on the finished surface after EMAF step, the 

residual passive films will affect the surface accuracy. Hence, MAF step as a final process 

after EMAF step is used to completely remove residual passive films on workpiece surface 

in order to improve surface accuracy of workpiece. In this chapter, we focused on 

researching the combinations of EMAF step time and MAF step time for EMAF process. 

The combination of two different finishing steps time plays a vital role for improving 

polishing efficient in EMAF process. 
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6.1 First finishing step (EMAF step) 

  Firstly, the experiments of compound finishing step (EMAF step) were conducted under 

different working voltage conditions and different finishing time conditions. Table 6.1 

shows experimental condition of EMAF step. The surface roughness Ra of workpiece is 

measured at approximate 0.16 ~ 0.2 μm as an original roughness. The rotational speed of 

machining tool is selected at 450 rpm, working gap is adjusted to 1 mm, the feeding speed 

of X-Y stage is adjusted to 5 mm/s, and the electrolyte concentration is selected as 20 wt%. 

The working voltage is respectively selected at 8 V, 10 V and 12 V. The finishing time of 

electrolytic process is respectively selected at 2 min, 4 min, 6 min, 8 min and 10 min. 

Table 6.1 Experimental condition of EMAF step under different working voltage and 

different finishing time conditions 

Workpiece SUS304 plane (100×100×1 mm) 
Original roughness Ra 0.16 ~ 0.2 μm 
 Electrolytic iron powder: 149 μm 

WA particles: #8000 
Oily grinding fluid 

Working gap 1 mm 
Feeding speed of stage 5 mm/s 
Rotational speed of tool 450 rpm 
Working voltage 8 V, 10 V, 12 V 
Electrolyte concentration 20 wt% 
Finishing time 2 min, 4 min, 6 min, 8 min, 10 min 

  Figure 6.1 shows the change in surface roughness Ra and material removal M as a 

function in EMAF step under different working voltage and different finishing time 

conditions. It can be seen that surface roughness Ra decreases with finishing time increases, 

material removal M also increases with finishing time increases at 8 V and 10 V working 

Mixed magnetic abrasive 
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voltage conditions. The surface roughness Ra at 10 V working voltage condition is smaller 

than the surface roughness Ra at 8 V working voltage condition, the material removal M at 

10 V working voltage condition is slightly more than the material removal M at 8 V 

working voltage condition. However, the mix surface roughness occurred at 4 min under 

the condition of 12 V working voltage. Then the surface roughness slightly increased after 

4 min under the condition of 12 V working voltage. The material removal rate before 4 min 

under the condition of 12 V working voltage is remarkably more than the material removal 

rate after 4 min under the condition of 12 V working voltage. 

 
Figure 6.1 Change in surface roughness Ra and material removal M as a function under 

different working voltage and different finishing time conditions 
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6.2 EMAF process 

Compared with metal material removal in traditional MAF process, the essence of 

EMAF process is using magnetic brush to remove formed passive films form electrolytic 

process. There are three kinds of matching relations between electrolytic action and 

mechanical action in EMAF step. When the formed rate of passive films is faster than 

removed rate of passive films in EMAF step as shown in Figure 6.2.1 (a), passive films 

can’t be completely removed in EMAF step. When the formed rate of passive films is 

slower than removed rate of passive films in EMAF step as shown in Figure 6.2.1 (b), the 

removed objects of magnetic brush can be considered as metal material. When the formed 

rate of passive films is as same as removed rate of passive films in EMAF step as shown in 

Figure 6.2.1 (c), it can be considered that the passive films can be completely removed in 

this optimal case in EMAF step. 

 
Figure 6.2.1 Matching relations between electrolytic action and mechanical action 



Chapter 6 Study on finishing stainless steel SUS304 plane workpiece 
by using electrolytic magnetic compound machining tool in 
electrolytic magnetic abrasive finishing 

114 

Through investigating the machining characteristics of traditional MAF process and 

single electrolytic process, it is recognized that the effect of rotational speed and working 

gap on machining characteristics are very obvious in MAF process, the effect of feeding 

speed on machining characteristics is almost insignificant. In electrolytic process, the 

machining characteristics under 12 V voltage condition are obviously better than the 

machining characteristics under 10 V and 8 V voltage condition; the machining 

characteristics under 20 wt% or 30 wt% electrolyte concentration conditions are better than 

the machining characteristics under 10 wt% electrolyte concentration condition. Based on 

the experimental investigation of machining characteristics for single MAF process and 

single electrolytic process, the detailed experimental conditions of EMAF process under 

different combinations of EMAF step time and MAF step time conditions are decided and 

shown in Table 6.2. The surface roughness Ra of workpiece is measured at approximate 

0.16 ~ 0.2 μm as an original roughness. The mixed magnetic abrasive consists of 

quantitative electrolytic iron powder with 149 μm in mean diameter and quantitative #8000 

WA particles. The working gap is adjusted to 1 mm, the rotational speed of complex 

machining tool is selected at 450 rpm, and the feeding speed of X-Y stage is adjusted to 5 

mm/s. The working voltage is selected at 12 V. The electrolyte concentration is selected as 

20 wt%. According to matching relations between electrolytic action and mechanical 

action shown in Figure 6.2.1, it can be seen the combination of EMAF step time and MAF 

step time is extremely important for achieving high-efficiency polishing. The total 

finishing time of EMAF process is selected at 30 min. We will focus on investigating the 

combination of the first finishing step time and second finishing step time for EMAF 

process. The combination of total finishing time is respectively 2 min (EMAF step) + 28 

min (MAF step), 4 min (EMAF step) + 26 min (MAF step), 6 min (EMAF step) + 24 min 
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(MAF step), 8 min (EMAF step) + 22 min (MAF step) and 10 min (EMAF step) + 20 min 

(MAF step). The finished surface is respectively measured and observed after EMAF step, 

each 10 min MAF step and remaining time of MAF step. 

Table 6.2 Experimental condition of EMAF process under different combinations of 

EMAF step time and MAF step time conditions 

Workpiece SUS304 plane (100×100×1 mm) 
Original roughness Ra 0.16 ~ 0.2 μm 
 Electrolytic iron powder: 149 μm 

WA particles: #8000 
Oily grinding fluid 

Working gap 1 mm 
Feeding speed of stage 5 mm/s 
Rotational speed of tool 450 rpm 
Working voltage 12 V 
Electrolyte concentration 20 wt% 
 
 
Finishing time (30 min) 

2 min (EMAF step) + 28 min (MAF step) 
4 min (EMAF step) + 26 min (MAF step) 
6 min (EMAF step) + 24 min (MAF step) 
8 min (EMAF step) + 22 min (MAF step) 
10 min (EMAF step) + 20 min (MAF step) 

Figure 6.2.2 shows the change in roughness Ra and material removal M as a function 

under different combinations of EMAF step time and MAF step time conditions. Through 

comparing the experimental results of EMAF process under different combinations of 

EMAF step time and MAF step time, it can be noted that the surface roughness Ra 

drastically decreases in EMAF step, the material removal M in EMAF step is obviously 

more than the material removal M in MAF step. The material removal M is approximately 

7 ~ 10 g in EMAF step; the material removal M is approximately 4 ~ 6 g in MAF step. In 

other words, the material removal rate in EMAF step is nearly 8 times than that in MAF 

Mixed magnetic abrasive 
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step. Furthermore, the optimal experimental result of EMAF process shows that the surface 

roughness Ra can be reduced to less than 30 nm at 4 min EMAF step, the surface roughness 

Ra can be reduced to 20 nm at 10 min MAF step, and the surface roughness Ra almost don’t 

change after 10 min MAF step. In other words, the optimal surface accuracy can be 

obtained at 14 min EMAF process under combination of 4 min EMAF step and 26 min 

MAF step condition. Since the electrolytic action is not enough in 2 min EMAF step, and 

the electrolytic action excessive in 6 min, 8 min, 10 min EMAF step. Therefore, 4 min 

EMAF step is considered as the optimal finishing time for EMAF process. Generated 

passive films from electrolytic process can be maximally removed in 4 min EMAF step. 

 
Figure 6.2.2 Change in surface roughness Ra and material removal M as a function under 
different combinations of EMAF step time and MAF step time condition 

Figure 6.2.3 shows the obtained surface maps under different combinations of EMAF 

step time and MAF step time condition. At the same time, the intensity maps under 

different combinations of EMAF step time and MAF step time condition are also obtained 
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shown in Figure 6.2.4. The Figures on the left show the macroscopic confocal surface 

maps and intensity maps of finished surface after 2 min, 4 min, 6 min, 8 min and 10 min 

EMAF step. It can be seen that the protruding part of original surface has be rapidly 

removed after EMAF step. However, several deep concave hairlines still retain on the 

finished surface after EMAF step. The Figures on the right show the macroscopic confocal 

surface maps and intensity maps of finished surface after 30 min EMAF process under 

different combinations of EMAF step time and MAF step time condition. It can be 

regarded that the depth of residual concave hairlines obviously become shallow, the 

number of residual concave hairlines also greatly reduces after MAF step. 

 

    

 

    

           

(a) After 2 min EMAF step (a1) After 2 min EMAF step and 28 min 
MAF step 

(b) After 4 min EMAF step (b1) After 4 min EMAF step and 26 min 
MAF step 
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Figure 6.2.3 Obtained surface maps under different combinations of EMAF step time and 

MAF step time condition 

 

 

(c) After 6 min EMAF step (c1) After 6 min EMAF step and 24 min 
MAF step 

(d) After 8 min EMAF step (d1) After 8 min EMAF step and 22 min 
MAF step 

(e) After 10 min EMAF step (e1) After 10 min EMAF step and 20 min 
MAF step 
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(a) After 2 min EMAF step (a1) After 2 min EMAF step and 
28 min MAF step 

(b) After 4 min EMAF step (b1) After 4 min EMAF step and 
26 min MAF step 

(c) After 6 min EMAF step (c1) After 6 min EMAF step and 
24 min MAF step 

(d) After 8 min EMAF step (d1) After 8 min EMAF step and 
22 min MAF step 
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Figure 6.2.4 Obtained intensity maps under different combinations of EMAF step time and 

MAF step time condition 

 

 

 

 

 

 

 

 

 

 

    

(e) After 10 min EMAF step (e1) After 10 min EMAF step and 
20 min MAF step 
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6.3 Discussions 

Figure 6.3.1 shows macroscopic confocal images of unfinished surface and finished 

surface under the combination of 4 min EMAF step and 26 min MAF step condition. The 

SEM photograph of original surface before EMAF process is shown in Figure 6.3.1 (a). 

The initial hairline of unfinished surface can be clearly seen through the SEM photograph. 

Figure 6.3.1 (b) shows the SEM photograph of finished surface after 4 min EMAF step. It 

can be found that a small amount of micro-porous still exists on the finished surface. 

Moreover, it also indicates that the action of MAF process can not completely remove the 

generated passive films from electrolytic process. The SEM photograph of finished surface 

after 26 min MAF step is shown in Figure 6.3.1 (c). 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 confirmed that MAF step plays an 

essential role to achieve precision machining during the EMAF process. 

 

Figure 6.3.1 Macroscopic confocal images of unfinished surface and finished surface under 

the combination of 4 min EMAF step and 26 min MAF step condition 

Figure 6.3.1 shows the SEM images of change in mixed magnetic abrasive under 

different EMAF step time and different voltage conditions. It can be considered that the 

size of mixed magnetic abrasive drastically decreases with EMAF step time increases at 
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the same voltage case; the size of mixed magnetic abrasive slightly decreases with working 

voltage increases at the same EMAF step time case. Combined with SEM images in 

electrolytic process from chapter 5 and change in size of mixed magnetic abrasive in 

EMAF step from this chapter, it is easy to understand why the optimal surface accuracy 

can be obtained under combination of 4 min EMAF step and 26 min MAF step condition. 

Since the electrolytic action is not enough in 2 min EMAF step and the size of mixed 

magnetic abrasive drastically decreases in 6 min, 8 min, 10 min EMAF step (iron powder 

polishing capacity is almost ignored after 6 min EMAF step), the polishing efficiency is 

low in 2 min and 6 min, 8 min, 10 min EMAF step. Thus, 4 min EMAF step is considered 

as the optimal finishing time for EMAF process. Generated passive films from electrolytic 

process can be maximally removed in 4 min EMAF step. 
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  According to the SEM images of change in mixed magnetic abrasive, we quantitatively 

measured change in size of mixed magnetic abrasive under different EMAF step time at 

and different voltage conditions shown in Figure 6.3.3. It can be seen the significant 

change in size of mixed magnetic abrasive through quantitative measurement. The 

consumption of mixed magnetic abrasive is approximately 10% in 2 min EMAF step; the 

consumption of mixed magnetic abrasive is approximately 25% in 4 min EMAF step; the 

consumption of mixed magnetic abrasive is approximately 35% in 6 min EMAF step; the 

consumption of mixed magnetic abrasive is approximately less than 50% in 8 min EMAF 

step; the consumption of mixed magnetic abrasive is approximately more than 50% in 10 

min EMAF step. Therefore, it can be considered that the mixed magnetic abrasive is 

invalid after 6 min EMAF step. 

  

Figure 6.3.3 change in size of mixed magnetic abrasive under different EMAF step time at 
and different voltage conditions 

 

      

Invalid 
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6.4 Comparison of MAF process, electrolytic process, and EMAF process 

In order to quantitatively compare the polishing effects in traditional MAF process and 

EMAF process, the optimal polishing effects in traditional MAF process and EMAF 

process are compared in 30 min finishing time. Figure 6.4.1 shows the comparison of 

EMAF process and traditional MAF process for surface roughness Ra and material removal 

M. 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 

also better than that of MAF process. The material removal in EMAF process is nearly 3.5 

times than that in traditional MAF process. The surface roughness in 4 min EMAF step of 

EMAF process is a little better than that in 30 min traditional MAF process. The polishing 

efficiency by using EMAF process can be improved approximate 90%. 

 

Figure 6.4.1 Comparison of EMAF process and traditional MAF process for surface 

roughness Ra and material removal M 

  Figure 6.4.2 shows the comparing polishing effects of MAF process, electrolytic process, 
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and EMAF process. It can be seen that 68 nm surface roughness can be obtained in 6 min 

electrolytic process; 20 nm surface roughness can be obtained in 14 min EMAF process; 

26 nm surface roughness can be obtained in 60 min MAF process. Through comparing the 

three different finishing methods, it can be regarded that the polishing accuracy of EMAF 

process is obviously higher than that of single electrolytic process; the polishing efficiency 

of EMAF process is remarkably higher than that of traditional MAF process. 

  

Figure 6.4.2 Comparing the polishing effects of three different finishing methods 

Figure 6.4.3 shows the photographs of the unfinished surface and the finished surface by 

three different finishing methods of traditional MAF process, electrolytic process and 

EMAF process. It can be seen that the intensity of finished surface by electrolytic process 

is not good. Although the surface roughness can rapidly reach to below 100 nm in 

electrolytic process, the intensity of finished surface is not good since the passive films 

formed on the finished surface. Additionally, it can be regarded that the mirror polishing 

can be achieved by both traditional MAF process and EMAF process. 
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Figure 6.4.3 Photographs of the unfinished surface and the finished surface by three 

different finishing methods of traditional MAF process, electrolytic process and EMAF 

process 

 

 

 

 

 

 

 

        

Finished surface Finished surface Finished surface 
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6.5 Conclusions 

In this chapter, based on the optimal mechanical finishing conditions and electrolytic 

machining conditions in single MAF process and single electrolytic process, the 

electrolytic magnetic abrasive finishing (EMAF) process was conducted. The main 

conclusions were shown as follows: 

(1) It can be recognized that the optimal working voltage is 12 V for the EMAF step 

through investigating the different working voltage. 

(2) Through investigating the combination of the first finishing step time and second 

finishing step time, it can be regarded that the combination of 4 min EMAF step and 26 

min MAF step is the optimal finishing time for EMAF process. It also can be considered 

that the generated passive films from electrolytic process can be maximally removed in 4 

min EMAF step. 

(3) It can be proven that a few passive films still existed on the finished surface after the 

EMAF step through observing the SEM images after each finishing step. 

(4) Through observing the SEM images of change in mixed magnetic abrasive under 

different EMAF step time and different voltage conditions, it can be found that the size of 

mixed magnetic abrasive drastically decreases with EMAF step time increases at the same 

voltage case; the size of mixed magnetic abrasive slightly decreases with working voltage 

increases at the same EMAF step time case. 

(5) Compared with the traditional MAF process, it can be recognized that the surface 

roughness in 4 min EMAF step of EMAF process is a little better than that in 30 min 

traditional MAF process. The polishing efficiency by using EMAF process can be 



Chapter 6 Study on finishing stainless steel SUS304 plane workpiece 
by using electrolytic magnetic compound machining tool in 
electrolytic magnetic abrasive finishing 

129 

improved approximate 90%. 

(6) Although the surface roughness can rapidly reach to below 100 nm in electrolytic 

process, the intensity of finished surface is not good since the passive films formed on the 

finished surface. Additionally, it can be regarded that the mirror polishing can be achieved 

by both traditional MAF process and EMAF process. 
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Chapter 7 Conclusions 

In order to solve the problem of low efficiency when polishing hard metal materials by 

traditional magnetic abrasive finishing (MAF), a novel method of plane magnetic abrasive 

finishing combined with electrolytic process (EMAF) was proposed in this research. In 

addition, the corresponding compound machining tool and experimental equipment were 

also developed. In this study, experiments of traditional plane MAF process, electrolytic 

process and EMAF process were performed to explored mechanism of EMAF process. The 

feasibility and high-efficiency of EMAF process was also proven by experimental results. 

Moreover, we analyzed the finishing mechanism of EMAF process, investigated the 

finishing characteristics of EMAF process and discussed the applicability in industry. The 

main research contents and summary of each chapter are as follows: 

In chapter 1, the background and objective of this research were introduced in detail. 

Firstly, the properties and applications of stainless steel SUS304 material were reported 

through literature survey. Then, developed history and current status of traditional 

magnetic abrasive finishing were inducted. After that, the necessity and aim of this study 

were clarified. Finally, based on the reference materials reviewed and the actual conditions 

of the study, system model of EMAF process was described by a summary graph. 

In chapter 2, machining principles of traditional plane MAF and electrolytic process 

were firstly introduced. Then, machining principles of EMAF process were emphatically 

explained in this chapter. In this research, EMAF process includes two finishing steps 

which are respectively the 1st finishing step (EMAF step) and the 2nd finishing step (MAF 
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step). The protruding portions will be preferentially leveled and the passive films will form 

on the surface of workpiece by electrolytic process. Simultaneously, the magnetic abrasive 

particles of magnetic brush is used to exert friction on the surface of workpiece, the passive 

films can be effectively removed. By the way, the hardness of passive films is smaller than 

the hardness of SUS304 stainless material. Thus, the efficiency of precision machining can 

be improved in EMAF step through MAF process combines with electrolytic process. 

However, a few passive films generally still exist on the finished surface after EMAF step. 

The residual passive films will affect the surface accuracy. Hence, the MAF step as a final 

process after EMAF step is used to completely remove passive films from in order to 

improve surface accuracy of workpiece. In addition, the design and structure of electrolytic 

magnetic compound machining tool were firstly described in detail through 

three-dimensional images, external views, CAD design drawings and CAD assembly 

drawing. Then, experimental setup and experimental procedure were introduced in detail. 

Finally, all of the measuring instruments (surface roughness measurement, material 

removal measurement, surface profile measurement and surface composition measurement) 

and instructions were also explained in this chapter. 

In chapter 3, we firstly preformed a series of comparative experiments about MAF 

process, electrolytic process and EMAF process in order to verify the feasibility of EMAF 

process. The experimental results of three kinds of polishing methods were respectively 

reported in this chapter. In addition, the comparison of experimental results of MAF 

process and EMAF process was also reported. Through contrasting with traditional MAF 

process, it is confirmed that EMAF process can obtain a little higher quality surface, and 

machining efficiency is improved by about 50%. Hence, the feasibility of electrolytic 
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magnetic abrasive finishing (EMAF process) can be preliminarily proven. 

In chapter 4, a series of comparing experiments about traditional plane MAF process 

were conducted and reported. On the one hand, mechanical finishing characteristics of the 

electrolytic magnetic compound machining tool can be explored through comparing 

experiments. On the other hand, the optimal mechanical finishing conditions can be 

determined for EMAF process. This chapter focused on investigated amount of iron 

powder and WA abrasive grain, combinations of mixed magnetic abrasive, feeding speed 

of X-Y stage, rotational speed of compound machining tool and working gap etc. finishing 

parameters. Experimental results showed the smaller surface roughness Ra and more 

material removal M can be obtained at relatively higher rotational speed (450 rpm), 

relatively smaller working gap (1 mm) conditions and combination of 149 μm in mean 

diameter of iron powder and # 8000 abrasive grains conditions through a series of 

comparative experiments. The surface roughness can reached to 30 nm at 60 min MAF 

process. 

In chapter 5, it was reported the effect of electrolytic process on surface roughness, 

material removal and surface hardness under different machining conditions was reported. 

On the one hand, electrolytic machining characteristics of the electrolytic magnetic 

compound machining tool can be explored through experiments of single electrolytic 

process. On the other hand, the optimal electrolytic machining conditions can be 

determined for EMAF process. Experimental results showed the smaller surface roughness 

Ra, more material removal and smaller surface hardness be obtained at relatively higher 

working voltage (12 V), relatively higher electrolyte concentration (20 wt% or 30 wt%), 

relatively smaller working gap (1 mm) and relatively higher rotational speed (450 rpm). 
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The surface roughness can reach to below 70 nm, material removal can reach to 240 mg, 

and surface hardness maximally reduced by 15% under the optimal electrolytic machining 

conditions. Although the surface roughness can rapidly reach to below 100 nm in 

electrolytic process, the intensity of finished surface is not good since the passive films 

formed on the finished surface. Moreover, machining mechanism of electrolytic process 

was understood by EDX analysis and SEM analysis. 

In chapter 6, experiments and finishing mechanism of EMAF process is emphatically 

explained. Based on experimental results of traditional MAF process and electrolytic 

process in chapter 4 and chapter 5, the experimental conditions of EMAF process were 

basically determined. This chapter focused on investigated the combinations of first 

finishing step (EMAF step) time and second finishing step (MAF step) time. The total 

finishing time of EMAF process is selected at 30 min. The combination of total finishing 

time is respectively 2 min (EMAF step) + 28 min (MAF step), 4 min (EMAF step) + 26 

min (MAF step), 6 min (EMAF step) + 24 min (MAF step), 8 min (EMAF step) + 22 min 

(MAF step) and 10 min (EMAF step) + 20 min (MAF step). Experimental results showed 

the surface roughness Ra drastically decreases in EMAF step, the material removal M in 

EMAF step is remarkably more than the material removal M in MAF step. Furthermore, 

the optimal experimental results of EMAF process shows that the surface roughness Ra can 

be reduced to less than 30 nm at 4 min EMAF step. Then, the surface roughness Ra can be 

reduced to 20 nm at 10 min MAF step. In other words, the surface roughness Ra can reach 

to 20 nm from 178 nm original surface roughness Ra at 14 min EMAF process. 

  It can be proven that a small amount of passive films still remained on the surface after 

EMAF step by obtained SEM images. Since iron powder of magnetic brush can be 
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considered as anode in EMAF step, iron powder would be rapidly consumed. It can be 

regarded that the polishing action of iron powder was invalid after 6 min EMAF step 

through observing the change in mixed magnetic abrasive. Hence, finishing time of EMAF 

step should not be too long. In short, it can be proven in this chapter that the polishing 

efficiency of traditional plane MAF can be significantly improved by EMAF process, and 

surface quality is also slightly better than the surface quality by traditional MAF process. 

The application of MEAF process technology in industry is worth looking forward to. 

In chapter 7, we made the summary for this Ph. D thesis. 
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