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ABSTRACT

The Magnetic Abrasive Finishing (MAF) technique has a potential for
achieving high-quality surface finishing by offering a self-sharpening
and adaptable approach to attaining surface finishes at the nanometer
level. This review paper provides a thorough examination of the current
state, feasibility, challenges, opportunities, and future directions of
MAF. It briefs on the fundamental principles of MAF, including magnetic
forces, abrasive particles, and process parameters. Furthermore, this
study and this article brief the hybrid methods of magnetic abrasive
finishing (MAF), including electrolytic magnetic abrasive finishing (EMAF)
and vibration-assisted magnetic abrasive finishing (VMAF). The prime
advantages of MAF include the ability to precisely machine delicate
materials, control finishing pressures, and achieve exceptional surface
quality. The article also highlights the constraints, such as the intricacy
of achieving complicated forms, limited efficiency, and limited appli-
cability to ferromagnetic materials. This paper examines how process
factors affect the quality and the rate of material removal. It explores
the possibilities of MAF in industries such as aerospace, semiconduc-
tors, and medical devices, where accurate surface finishing is crucial.
The review emphasizes the need for further research on optimizing
process parameters, developing hybrid MAF processes, and exploring
new applications. Understanding the interplay between parameters,
finishing mechanisms, and hybrid techniques can unlock MAF’s full
potential and expand its applications in various industries. This com-
prehensive review aims to guide the development of MAF technology
and its applications.

KeYWOI"dS: Magnetic Abrasive Finishing (MAF), High-Precision
Surface Finishing, Hybrid Finishing Processes, Surface Roughness,
Material Removal Mechanisms, Finishing Forces, Nano finishing

Background

Magnetic abrasive machining (MAM) is a non-traditional
machining process that uses a combination of magnetic and
abrasive forces to remove material from a workpiece.It
has its roots in the 1930s, when Russian scientists first

explored the use of magnetic fields to assist in abrasive
machining processes. In the 1960s, researchers in the So-
viet Union and Japan began experimenting with magnetic
fields and abrasive particles to machine hard and brittle
materials. They discovered that by applying a magnetic
field to a mixture of ferromagnetic and abrasive particles,
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they could create a flexible abrasive medium that could
machine complex shapes and surfaces.

In the 1980s and 1990s, MAM underwent significant ad-
vances, driven by the development of new materials and
technologies. Researchers in the United States, Japan, and
Europe made significant contributions to the field, includ-
ing the development of new ferromagnetic materials with
improved magnetic properties, advances in abrasive tech-
nology, and computer-aided design and simulation tools.

MAM is a mature machining process used in various in-
dustries, including aerospace, automotive, medical, and
electronics.

The principle of MAM is based on the interaction between
magnetic and abrasive forces. The process uses a mixture
of ferromagnetic particles and abrasive particles, such as
silicon carbide or alumina, which are suspended in a carrier
fluid. When a magnetic field is applied, the ferromagnetic
particles align themselves in the direction of the magnetic
field, creating a brush-like structure. The abrasive particles
are then attracted to the magnetic particles, forming a
flexible abrasive medium.

MAM has several applications in various industries, such
as aerospace, automotive, medical, and electronic com-
ponents. Advantages of MAM include high surface finish,
low material removal rate, flexibility, and environmental
friendliness. However, MAM also has some limitations,
such as a low material removal rate, high equipment cost,
and limited workpiece size.

In conclusion, MAM is a valuable addition to the range of
machining processes available to manufacturers, offering
several advantages over traditional methods.

Fundamental Principles and Mechanisms of
MAF

Magnetic Abrasive Finishing (MAF) is a non-traditional
machining process that uses a combination of magnetic
and abrasive forces to remove material from a workpiece.
The process involves magnetization and alignment of mag-
netic abrasive particles (MAP) along the magnetic lines
of force between the South and North poles, as shown
in Figure 1. The aligned MAP forms a Flexible Magnetic
Abrasive Brush (FMAB), which is shaped by factors such
as the working gap, magnetic field intensity, MAP size and
shape, and carrier fluid. The FMAB acts like a multi-point
cutting tool, removing material in the form of microchips.
Key characteristics of FMAB include flexibility, multi-point
cutting action, and self-sharpening. The combination of
magnetic and abrasive forces allows MAF to achieve high
surface finishes, precise control over material removal,
and flexibility in machining complex shapes and surfaces.

Figure |.Schematic Diagram of Magnetic Abrasive
Finishing

The Mechanisms of Material Removal in Magnetic Abra-
sive Finishing (MAF) involve several forces acting on the
ferromagnetic abrasive particles.'® The two primary forces
responsible for the material removal are the normal force
(FN) and the tangential force (FT). The normal force acts
perpendicular to the surface of the workpiece, pressing
the magnetic abrasive particles into the surface, creating
micro-indentations. This force ensures proper packing of
the abrasive particles, allowing them to effectively remove
material from the surface. The tangential force, on the
other hand, is parallel to the surface and is responsible
for the microchipping action. As the workpiece rotates, FT
helps in cutting material by removing the peaks of surface
imperfections, thus improving the surface finish.*

Additionally, the resistance force (RT) opposes the tangential
motion of the abrasive particles. It must be overcome for
the material removal process to continue efficiently. If RT
becomes too high, it can slow down or reduce the effective-
ness of material removal.

The ferromagnetic particles are also influenced by the
magnetic force (Fx), which acts along the direction of the
magnetic field lines, pressing the abrasive particles onto the
workpiece surface. This force is essential for ensuring that
the particles maintain contact with the surface during the
cutting process. Another key force, equipotential line force
(Fy), acts along the magnetic equipotential lines, stabilizing
the ferromagnetic particles between the magnetic poles
and the workpiece and preventing them from dispersing
or flowing out of the working gap.*® Figure 2 depicts the
normal force (FN) and tangential force (FT) of magnetic force
on magnetic abrasive particles during the cutting process.
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Figure 2.Different Forces Acting During Cutting Pro-
cess
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The combined effect of these forces leads to effective
material removal. The normal force (FN) and tangential
force (FT) can be calculated based on the magnetic force
components Fx and Fy, with FN being proportional to Fx
* cos(B) and FT proportional to Fy * sin(B), where 6 is the
angle determined by the particle’s position in the magnetic
field. This combination of forces ensures that the MAF pro-
cess can achieve the desired surface finishing and material
removal rate with precision.> Proper control of these forces
ensures a balance between material removal and surface
integrity, making MAF a highly efficient and controllable
process for fine finishing.

Magnetic Abrasive and Process Parameters

Magnetic Abrasive (MAF) is a process that involves the use
of magnetic abrasives to improve surface roughness and
material removal rate. The process parameters, including
magnetic flux density, working gap, rotational speed, abra-
sive particle size, mixing ratio, voltage, and machining time,
are shown in Table 1. High flux density enhances surface
roughness, while larger gaps lower MRR due to reduced
contact force. The working gap is the distance between the
tool and the workpiece, while high speeds increase MRR
but can cause instability.® The mixing ratio of magnetic
particles to non-magnetic abrasive particles also plays a
role in surface finish. Voltage is the applied voltage to the
magnetic coil or field generator, which can enhance control
over magnetic flux and finishing. The machine time is the
duration of the MAF process, with longer time results in
better surface finishing.”® However, extended time may
cause excessive wear and slower MRR after optimal time.

Table |1.Process Parameters

Parameter Description Effect
Magnetic High flux densit
& Strength of g y
Flux e enhances surface
. magnetic field
Density roughness
. Distance Larger gaps lower MRR
Workin
Ga g between tool | due to reduced contact
P and workpiece force
. Speed of tool High speeds increase
Rotational P . ‘81 SP !
or workpiece MRR but can cause
Speed . . I
rotation instability
Smaller parti
Abrasive . . . particles
Particle Size of abrasive improve surface
Size particles roughness, larger
particles increase MRR
Ratio of
Mixing magnetic to Optimal mixing ratio
Ratio non-magnetic | improves surface finish
particles

Appli |
pplied vo tgge Enhances control over
to magnetic .
Voltage . ) magnetic flux and
coil or field N
finishing
generator
Longer time results
. ) in better surface
Machining | Duration of MAF | .. . . .
Time rocess finishing, but excessive
P wear and slower MRR
after optimal time

Types of Magnetic Abrasive Finishing with their
setup

Magnetic Abrasive Finishing (MAF) is a process used to
achieve high-quality surface finishes and precision in various
applications. It involves placing a cylindrical workpiece be-
tween two magnetic poles with magnetic abrasive particles
(MAPs) in the gap, forming a flexible magnetic abrasive
brush (FMAB). This process is used for external finishing
of cylindrical parts, shafts, rods, and tubes.?? Internal MAF
is used for internal surfaces, involving a rotating magnetic
pole system and a rotating workpiece system. Plane MAF
is applied between the workpiece and the rotating mag-
netic pole, forming a magnetic abrasive brush. Hybrid MAF
combines multiple processes to enhance surface finish and
efficiency. Electrolytic MAF integrates an electrolyte supply
with the MAF setup, accelerating material removal rate
(MRR) for hard metals, superalloys, and composite mate-
rials’” Vibration-Assisted MAF uses vibrations to enhance
abrasive motion and make the magnetic field dynamic.*Ta-
ble 2 provides an overview of magnetic abrasive finishing
techniques and their applications.

Advantages, Challenges, and Applications of
MAF

Magnetic Abrasive Finishing (MAF) is a versatile process
that offers high-quality surface finishes, minimal tool wear,
and low heat generation, making it ideal for complex geom-
etries and hard-to-reach areas.? It can be used on various
materials, including superalloys, composites, and ceramics.
However, it has several disadvantages, including high initial
costs due to the need for specialized equipment and mag-
netic abrasives, a complex setup requiring precise control
of the magnetic field and abrasive particles, and a limited
material removal rate as shown in Table 3. The effectiveness
of MAF is highly dependent on the magnetic properties of
the abrasive particles and the workpiece. The setup for MAF
can be expensive due to the need for specialized equipment
and magnetic abrasives, making it more complex to set up
and operate compared to traditional finishing methods.?®
Additionally, MAF generally has a slower material removal
rate compared to other abrasive processes.
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Table 2.0Overview of Magnetic Abrasive Finishing Techniques and Applications

(FMAB).

Type of MAF . Magnetic Abrasive | Key Application
Process Description of Setup Particle Composition Areas
A cylindrical workpiece is placed between two .
L . . . ) . Ferromagnetic External
Cylindrical magnetic poles with magnetic abrasive particles . o
. . . . materials like iron finishing of
Magnetic (MAPs) in the gap. The workpiece rotates, while . . s
Lo . . . . particles mixed cylindrical
Abrasive Finishing | either the workpiece or the magnetic pole vibrates. . .
. . . with non-magnetic parts, shafts,
(MAF) The MAPs form a flexible magnetic abrasive brush

abrasive powders

rods, and tubes.

Internal Magnetic

Used for internal surfaces, this process involves
a rotating magnetic pole system and a rotating

Ferromagnetic
particles (e.g.,

Internal surface

Plane Magnetic
Abrasive Finishing
(MAF)

workpiece and the rotating magnetic pole, forming a
magnetic abrasive brush. The rotation and magnetic
force remove material, improving surface roughness.

. S workpiece system. MAPs are introduced into the iron) and abrasive finishing of
Abrasive Finishing . e . .
(MAF) workpiece and attracted by the magnetic field to form powders (e.g., pipes, cylinders,
an FMAB, which pushes against the inner surface for alumina, silicon and bores.
finishing. carbide)
Surface
A magnetic field is applied between the surface of the Iron particles finishing of

combined with
abrasives like silicon
carbide or alumina

flat or planar

surfaces, such

as plates and
molds.

Depends on hybrid

High precision

Assisted Magnetic
Abrasive Finishing

and make the magnetic field dynamic. The setup
can include horizontal (X), vertical (Z), or both (XZ)
vibrations to generate higher finishing forces and

. ) Combines multiple processes to enhance surface finishing
Hybrid Magnetic .. .. . processes, often
. o finish and efficiency. The hybrid process merges the L for complex
Abrasive Finishing advantages of constituting processes, improvin uses combinations of eometries and
(MAF) g '8P ,ImPp g MAPs from different | %° .
performance over traditional MAF methods. high-quality
MAF setups
parts.
Integrates an electrolyte supply with the MAF setu Enhanced
Electrolytic g . y PPl . P: Electrolyte solution finishing of
. Electrolyte fills the gap between the workpiece . .
Magnetic . . with magnetic hard metals,
. S and electrode, accelerating material removal rate .
Abrasive Finishing . . particles and superalloys,
(MRR) through the dual action of electrolysis and the . .
(EMAF) e abrasives and composite
magnetic field. .
materials.
. . Involves vibrations to enhance the abrasive motion Nano-finishing
Vibration- Iron and non-

magnetic abrasive
powders (silicon

of flat surfaces,
micro-curved
surfaces, and

Surface Finish

(VMAF) improve the efficiency of the process. carbide, alumina) deburring.
Table 3.Advantages and Challenges of Magnetic Abrasive Finishing (MAF)
Aspect | Details
Advantages
High-Quality MATF can achieve very smooth and precise finishes, making it ideal for complex geometries and

hard-to-reach areas.

ceramics.

Minimal Tool Since the process doesn’t involve direct contact between the tool and the workpiece, tool wear
Wear is significantly reduced.
Low Heat . . . .
. The process generates minimal heat, reducing the risk of thermal damage to the workpiece.
Generation
. MAF can be used on a wide variety of materials, including superalloys, composites, and
Versatility ¥ gsup ¥ P
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Challenges

High Initial Cost

The setup for MAF can be expensive due to the need for specialized equipment and magnetic

abrasives.

Complex Setup

The process requires precise control of the magnetic field and abrasive particles, making it
more complex to set up and operate compared to traditional finishing methods.

Limited Material
Removal Rate

MAF generally has a slower material removal rate compared to other abrasive processes.

Dependenc . o . . .
onFI)\/Ia netiZ The effectiveness of MAF is highly dependent on the magnetic properties of the abrasive
& . particles and the workpiece.
Properties
Table 4.Applications of Magnetic Abrasive Finishing (MAF)
Application Industry Components Materials
. . . Implants, surgical . .
Medical Device Manufacturing Healthcare p 8 Stainless steel, titanium
instruments
Aerospace Component Engine components, . .
P N P Aerospace g . P Aluminum, steel, ceramics
Finishing turbine blades
Automotive Component . Engine blocks, cylinder .
. Automotive Steel, aluminum, copper
Manufacturing heads
. S . Connectors, switches, .
Electronic Component Finishing Electronics Copper, silver, gold

semiconductor wafers

Die and Mold Manufacturing Manufacturing

Injection molds, stamping

. Steel, aluminum, copper
dies ’ , Copp

MEMS Component Finishing Microelectronics

Sensors, actuators,

. - . Silicon, ceramics, metals
microfluidic devices

Ceramic Component Finishing Ceramics

Load-bearing elements,

Ceramics, glass
translucent lamps '8

Internal Surface Finishing Oil and Gas, Aerospace

Pipe fittings, valves,

. . Steel, aluminum, copper
hydraulic cylinders PP

Surface Modification Manufacturing

Gears, bearings, shafts Metals, ceramics

In conclusion, while MAF offers numerous advantages, it
also faces challenges such as high initial costs, complex
setup, and a limited material removal rate,* as shown
in. Its effectiveness is highly dependent on the magnetic
properties of the abrasive particles and the workpiece.
However, previous research has shown that optimization
methods such as Taguchi and RSM are effective in optimiz-
ing and enhancing desirable features.?”’=** The applications
of magnetic abrasive finishing are shown in Table 4.

Conclusions

Magnetic Abrasive Finishing (MAF) is a non-traditional
machining process that offers high-quality surface finish-
ing, minimal tool wear, and low heat generation, mak-
ing it ideal for complex geometries and hard-to-reach
areas. Its advantages include flexibility, environmental
friendliness, and low initial costs. However, MAF faces
limitations such as high initial costs, complex setup, lim-
ited material removal rate, and dependence on mag-
netic properties of abrasive particles and workpieces.

To fully harness MAF’s potential, further research is need-
ed to optimize process parameters, explore new appli-
cations, and refine hybrid processes. The focus should
be on improving MAF’s adaptability for non-ferromag-
netic materials and increasing material removal rates
without sacrificing surface quality. The continued devel-
opment of MAF technology and its broader industrial
application can lead to substantial advancements in man-
ufacturing precision components across multiple sectors.
In conclusion, while MAF is a sophisticated and efficient
finishing process, it requires ongoing innovations to expand
its use and address existing limitations. By addressing these
challenges, MAF can solidify its role as a critical technology
for achieving high-precision surface finishing in modern
manufacturing.
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