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Abstract: Magnetorheological finishing machine tool with small ball-end
permanent-magnet polishing head is proposed as a method to solve the
problem that small-bore parts of irregular shape with small curvature
radius concave surface cannot be polished by traditional
magnetorheological finishing machine tool. The four-axis linkage
magnetorheological finishing machine tool with modular open
numerical system and easy-operating man-machine interactive
interface is developed. Then the machine tool is used to study the
removal characteristics on machining parameters. It is indicated that
the removal rate is not sensitive to processing time. When the angle
between the polishing head and the workpiece is larger, the removal
rate is higher. The surface roughness of workpiece can be less than 3
nm, which is machined by magnetorheological polishing with a small
permanent magnet ball-end tool.
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Introduction

In the early 1990s, based on the studying of smart
fluid, Kordonski with his cooperators invented
Magnetorheological Finishing (MRF) (Jacobs et al.,
1999). It is a deterministic polishing technology
controlled by computer. So it can not only polish
workpiece with no subsurface damage, but also can
remove the surface crack and surface/subsurface residual
stress, produced by grinding (Arrasmith et al., 2001).

In Kordonski (1996) developed the first prototype for
MRF. Then magnetorheological finishing machine tools
were produced and they have already become
commercial products in America (Kordonski et al.,
1996). In recent years, many scholars have done
researches to develop new machine tools for MRF.
QED produced the latest minitype polishing tools
Q22-Y with 20 and 50 mm polishing wheels (Harris,
2011). Jiao et al. (2013) developed a machine tool for
MRF using ring permanent-magnet as excitation and
Ren et al. (2014) proposed a new MRF, named Belt-
MRF to improve the material removal rate.

By far, existing magnetorheological finishing
machine tools with mature technology generally adopt
construction of polishing wheel. They can be used for
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polishing typical plane and cambered components, but
cannot polish components of irregular shape with
small curvature radius aspheric surface. So in this
study a novel structured four-axis linkage
magnetorheological finishing machine tool with small
ball-end permanent-magnet polishing head is proposed
and it can polish small-bore parts of irregular shape
with small curvature radius concave surface and obtain
high precision and fine surface quality.

Magnetorheological Finishing Theory

As the magnetorheological fluid is in magnetic
field, there is magnetorheological effect. Then
magnetorheological finishing uses this effect to polish
the workpiece. Figure 1 shows magnetorheological
finishing theory. Magnetorheological fluid is
composed of base fluid, magnetic-particle, stabilizer
and ultra-fine abrasive or polishing powder. When the
magnetorheological fluid is in the magnetic field,
magnetorheological effect is produced and its
ostensible concentration will increase in a few
milliseconds. Tt will adhere to polishing wheel and
become a polishing band in solid state. When it
rotates with the polishing wheel, the band will contact
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workpiece. The surface material is removed by shear
stress (Su et al., 2014), while polishing wheel and
workpiece move in  relative way. When
magnetorheological fluid leaves the magnetic field, it
will return to liquid state and can be recycled.

In this study, a magnetorheological finishing tool
with small ball-end permanent-magnet polishing head
is developed and high-energy, rare-earth permanent-
magnet is used to produce magnetic field. As the
magnetorheological liquid flows into the magnetic
field, it will produce magnetorheological effect and
polish the workpiece. The small ball-end polishing
head can polish small curvature radius concave
surface. Small ball-end permanent-magnet polishing
head and polishing process is showed in Fig. 2.

Develop the Construction of
Magnetorheological Finishing Machine Tool

A vertical gantry type four-axis linkage
magnetorheological finishing machine tool is developed
It includes three linear movement axes, one spindle,
workpiece axis and polishing wheel axis. Workpiece axis
and polishing wheel axis are not included in the four-
axis linkage. X and Y axis are stacked up to bear the
workpiece axis and to realize two-dimension motion in
the horizontal direction. C axis is hung on the motion
unit of Z axis by a triangular linker with upside down
and it can take the polishing axis rotate around the Z axis
together. The angle between polishing wheel axis and
horizontal plane is 40 degrees, which would help to
avoid interference in the process of polishing irregular
shaped parts. Figure 3 shows the main parts of the
developed magnetorheological finishing machine tool.

As mentioned above, the magnetorheological
finishing machine is composed of these parts: (1)
Machine tool that includes the machine base, gantry and
motor units; (2) numerical system, which can realize
four-axis linkage; (3) assistant devices, such as vibration
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The designed precision of this machine tool is 2 pm.
So the machine tool is placed on precision vibration
isolation table and the granite is selected as base to
absorb vibration and improve the accuracy. Due to the
designed precision, high motion precision of very motor
unit is needed. Select linear motor driven high-precision
table of Parker as X-Y linear axis and the resolution of
the table is 0.1 um. Z axis is screw driven precision
linear ball bearing table. The coreless direct drive rotary
motor of Akbisis which will achieve high precision at
low speed is used as C rotation unit. The high-speed and
high-precision ceramic bearing spindle is used as the
polishing spindle and workpiece spindle.
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Fig. 1. Magnetorheological finishing theory
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Fig. 3. Magnetorheological finishing machine for small- bore part of irregular shape

Numerical System of the
Magnetorheological Finishing Machine

According to the processing requirements, a
numerical system hardware platform is built. The
main parts of the platform are Industrial Personal
Computer (IPC) and Universal Motion and
Automation Controller (UMAC). IPC is used as upper
computer and UMAC is lower computer. They
together with servo drivers, servo motors, grating
scales and encoders compose modular open system.

At the same time, based on the communication
between the upper and lower computers, relevant
variables, on-line commands and development theory of
UMAC used for second development of the system,
develop simple and easy-operating man-machine
interactive interface. The development is in Visual C++
compiler environment and accords to requirement of
realistic polishing. The main window of numerical
system is showed in Fig. 4.

Effects about Removal Characteristics on
Machining Parameters

Effects of the Removal Time on the Removal Rate

The influence of removal time on the removal
efficiency is discussed with the removal time increasing
from 5 min to 30 min. As shown in Fig. 5, the
relationship between the removal depth and processing
time is approximately linear. And the linear correlation is
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0.994 calculated by the experimental results. It is
indicated that the material removal is stable and removal
rate isn’t sensitive to the processing time.

Effects of the Swing Angle on the Removal Rate

The influence of the angle between the polishing
head and the workpiece on the removal rate is
discussed with the angle increasing from 10° to 50°,
while other parameters are designated as constant. As
shown in Fig. 6, when the angle between the polishing
head and the workpiece is larger, the removal rate is
larger. However the actual surface profile is not
Gausee shape, when the angle is larger than 30°,
because there is a inflection point in surface profile.
So the best angle between the polishing head and the
workpiece in polishing process is 30°.

Effects on Surface Roughness of Workpiece

When the workpiece is polished by the machine tool
with small ball-end permanent-magnet polishing head,
its surface roughness can be less than 3 nm. In this
experiment, the workpiece is K9 glass bar and its
diameter is 6 mm. The workpiece is reciprocally
processed in the range of 4 mm for 45 min at an speed of
0.03 mm sec™. The processing parameters are that the
minimum machining gap, spindle speed, included angle
and size of powder particle are set to be 0.10 mm, 6000
r/min, 30° and 8um, respectively. Then the results is
shown in Fig. 7a) shows the surface profile and Fig. 7b)
shows the surface roughness.
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Fig. 5.
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Fig. 4. The main window of numerical system
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Fig. 6. The relationship between the swing angle and removal depth
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Fig. 7. The result of reciprocating polishing (a) the surface profile (b) the surface roughness
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Conclusion

A novel magnetorheological finishing machine is
developed with the small ball-end permanent-magnet
polishing head. It can realize four-axis linkage. And the
polishing spindle is inclined 45°C relative to the
horizontal plane, so it can succeed in avoiding
interference when the small curvature radius concave
surface is polished. At the same time, the numerical
system with simple and easy-operating man-machine
interactive interface is developed.

The removal characteristics of magnetorheological
finishing is studied with the machine developed.
Experimental results show that removal rate is not
sensitive to processing time and the linear correlation is
0.994, besides, the optimal angle between the polishing
head and the workpiece is 30°. At the same time, when
the small ball-end permanent-magnet polishing head is
used to polish the K9 glass bar, the best roughness can
be less than 3 nm.
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