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Abstract. This work presents the design of a pressurised three-point eccentric magnetorheological polishing
(MRP) device, for alumina ceramics’ hard and brittle characteristics, and a carrier disc magnetic field generator
and a single closed-loop uniform magnetic field generator for a more uniform and increased magnetic field dis-
tribution. When compared with the traditional gap type, this device considerably enhances polishing efficiency.
This apparatus has also been used to explore the mechanism of MRP. Static magnetic field simulations were con-
ducted, and the fundamentals of the three-point eccentric magnetorheological process were addressed. Alumina
ceramics were polished with a three-point eccentric wheel MRP equipment. Polishing tests were conducted to
explore the effects of rotational speed, working pressure, abrasive type, abrasive particle size and polishing dura-
tion on polishing properties, and optimised polishing parameters were established. The surface roughness (Ra) of
the samples was dramatically reduced from 500 to 22.41 nm using the three-point eccentric MRP device. The pit
markings on the alumina ceramics’ surface vanished after polishing. Therefore, the approach has considerable
polishing potential for hard and brittle materials that can be nanofabricated with minimal surface sub-damage.

1 Introduction

With the development of multifunctional electronic ceramic
components, alumina ceramics are being increasingly widely
used in the electronic ceramics, precision instruments, optics,
aerospace and military industries (Fan et al., 2019; Davim
et al., 2008). Meanwhile, the requirements for surface preci-
sion and subsurface damage of alumina ceramics are also in-
creasing. Alumina ceramics first undergo moulding and then
the polishing process to improve surface precision machin-
ing and reduce surface residual stress (Vila-Nova et al., 2020;
Fan et al., 2021; Xia et al., 2020). To handle the hardness and
brittleness of alumina ceramics, magnetorheological polish-
ing (MRP) is suggested as an alternative to the traditional
polishing method. MRP is a flexible polishing method with
high precision and causes little subsurface damage (Luo et
al., 2018). Under the action of the magnetic field, the MRP

fluid forms a polishing ribbon along the direction of the
magnetic induction line to grind a workpiece surface. On
the basis of the rheological properties of magnetorheologi-
cal fluid, magnetorheological flexible polishing of alumina
ceramics was realised (Y. Wang et al., 2020). In recent years,
many scholars have studied MRP from different aspects of
MRP theory and process. In terms of MRP theory, Wang
et al. (2021) studied MRP on the basis of the reciprocating
MRP principle and the Preston equation, and they established
the material removal rate model of reciprocating MRP and
its normal polishing pressure model. Guo et al. (2021) stud-
ied the continuity equation and Vand viscosity equation of
suspension, and they established and calculated the modified
cavitation bubble dynamics model, which provided a theo-
retical basis for exploring the ultrasonic cavitation effect of
magnetorheological fluid in industrial applications. Chen et
al. (2017) established the material removal function model of
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the MRP process on the basis of the three-dimensional hy-
drodynamic analysis of MRP and the Preston equation. The
theoretical part of MRP is mainly based on the Vand equa-
tion and the Preston equation to modify the viscosity model
and the removal rate model. In the aspect of MRP technol-
ogy, Xu et al. (2021) designed a processing equipment of
oblique axis ultra-precision grinding and MRP. After com-
posite processing technology was used, the surface rough-
ness (Ra) of a tungsten alloy aspheric mould reached 1 nm.
Song et al. (2018) developed a new type of drum MRP device
and studied its MRP mechanism. The surface roughness (Ra)
of the polished sample was reduced from 359 to 38 nm. Nie
et al. (2019) studied the influence of different magnet layouts
on the MRP and conducted an experimental simulation of the
influence of different magnet distribution on the polishing ef-
fect. C. Wang et al. (2020) proposed a new magnetic field-
assisted mass polishing technology for multiple free-form
components, which rotated the magnetic field applied outside
the annular cavity to effectively polish the free-form surface
workpiece. In studying the MRP process, polishing experi-
ments are conducted on factors such as the polishing device,
magnetic field generator, polishing path and process param-
eters. Then, the influence on the surface quality and removal
efficiency of workpiece polishing is analysed. MRP is a two-
surface shearing magnetic liquid–solid flow behaviour that
requires installation accuracy, surface structure of the polish-
ing pad and proper surface separation. In common third-body
polishing processes, the removal of the workpiece material
is induced by the contact between surfaces and hard parti-
cles (Yan et al., 2022). However, in MRP, the finishing ef-
fect is mainly caused by the quasi-solid characteristic of the
flow under a magnetic field. Therefore, appropriate pressure
should be used to ensure the effective material removal effi-
ciency (Singh and Singh, 2021) and at the same time to pre-
vent excessive friction caused by a large contact ratio (Xie et
al., 2021), resulting in surface damage of the workpiece. The
gap MRP efficiency is low due to the high hardness of alu-
mina ceramic materials. The pressure MRP method is used
to ensure the material removal efficiency. In addition, unlike
with traditional polishing, the three-point eccentric MRP of
the carrier plate and the magnetic plate rotates in opposite di-
rections, thus being conducive to the replacement of abrasive
particles in MRP fluid. The centreline of the object plate and
the centreline of the magnetic pole plate are not on the same
centreline, and a relative deflection angle exists, which re-
duces the polishing quality of the alumina ceramic substrate
by the linear velocity difference. The MRP fluid distribution
inside and outside the polished workpiece surface is more
uniform, avoiding the influence of the rotation of the carrier
disc.

2 Design and simulation of the three-point eccentric
magnetorheological polishing

In accordance with the characteristics of alumina ceramics,
a multi-station three-point eccentric MRP method was pro-
posed. The carrier disc and the disc rotate in opposite direc-
tions, and the centreline is not on the same centreline, setting
a relative angle. In total, three workpieces are polished at the
same time, and the workpiece is fixed on the 120◦ bound-
ary line of the loading plate by using composite paraffin. The
distance between the workpiece and the edge of the loading
plate is 8 mm. The loading plate drives the alumina ceramic
substrate to rotate counter clockwise. The MRP structure is
a multi-body dynamic structure with fluid friction (Xie et
al., 2022). The levelness of the disc was adjusted to below
1.25 : 1000 after the installation of the magnetic pole to pre-
vent the flow-induced vibration of the pad–workpiece rotat-
ing disc structure. The drive disc drives the magnetic disc to
rotate clockwise. The MRP fluid was affected by the mag-
netic field force, and it rotated clockwise with the magnetic
disc. The alumina ceramic substrate was immersed in the
MRP solution by using the loading plate. The MRP solution
was subjected to magnetic force and changed from Newto-
nian fluid to Bingham to form a flux linkage brush, which
was rotated and scratched opposite to the alumina ceramic
substrate to achieve the surface removal effect of alumina
ceramic substrate.

In this paper, a Unipol-1200S polishing machine was
utilised as the carrier, with the use of a three-point eccen-
tric MRP and a single closed-loop magnetic field align-
ment magnetic field launcher. The carrier plate was made
of non-magnetic 316 L material to avoid interference with
the magnetic field generator. The diameter was 160 mm,
and the thickness was 15 mm. The processed sample was
a 20 mm× 20 mm× 2 mm alumina ceramic substrate. As
shown in Fig. 1, the three-point eccentric MRP could pol-
ish three workpieces in a group. The positive pressure was
applied downward from the axis connected by the carrier
disc, and the force position acted on the centre. The force
of the three-point eccentric MRP workpiece was more uni-
form, and the horizontal balance of the carrier disc was effec-
tively maintained. The magnetic field generator consists of
the following three modules: the magnetic pad, the magnetic
disc and the magnetic pole. The magnetic pad adopts metal
magnetic conductive material, the magnetic disc adopts PVC
plastic, and the magnetic pole is a permanent magnet mate-
rial. The relative position of the magnetic pole is fixed by
the magnetic pole disc, and the magnetic pole is arranged
in accordance with the design method to achieve the effect
of magnetic circuit closure (Heng et al., 2020; Zhao et al.,
2021). The magnetic pole is fixed inside the disc by the mag-
netic pole pad, and the magnetic poles on both sides are
fixed on both sides of the disc by magnetic force. The polish-
ing disc of Unipol-1200S polishing machine is a magnetic-
conducting metal material, and the magnetic field emission
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device is fixed on the drive disc of Unipol-1200S polishing
machine by magnetic force. The magnetic force of the mag-
netic pole is large, which meets the working condition de-
mand of the centrifugal force of the polishing machine. A
small cluster arrangement gap corresponds to a more closed
the magnetic circuit and thus greater magnetic field intensity.
In accordance with the principle of Halbach, the following
three kinds of closed-loop magnetic field arrangement were
designed: full closed-loop, single closed-loop uniform and
single closed-loop different magnetic field arrangements.

N represents the magnetic pole N, S represents the mag-
netic pole S, and the blue arrow represents the direction
from S to N, as shown in Fig. 2. When the gap in the mag-
netic pole arrangement is 0 mm, three different arrangement
modes and magnetic field distribution could be found, i.e. full
closed-loop, single closed-loop uniform and single closed-
loop different magnetic field arrangements. The full closed-
loop magnetic field arrangement requires a magnetic pole
space to achieve a full closed-loop magnetic field. A total
of four magnetic poles are a magnetic field distribution law.
The negative 45◦ diagonal magnetic pole has a circular zero
magnetic field area. The magnetic field strength is weak (0.2–
0.3 T), and the magnetic field strength distribution is uneven.
The magnetic field strength of the positive 45◦ diagonal mag-
netic pole is 0.3–0.4 T, and the magnetic field strength around
the magnetic pole is 0.5–0.6 T. The magnetic field intensity
of the single closed-loop magnetic field arrangement is alter-
nately distributed. The strong magnetic field intensity has a
partial zero gap at the magnetic pole gap. The strong mag-
netic field intensity band is 0.7–0.8 T, accounting for half of
the total area, and the weak magnetic field intensity band is
0.2–0.4 T. The single closed-loop magnetic field is arranged,
and the four magnetic poles are a magnetic field distribution
law. The negative 45◦ diagonal magnetic pole has a weak
magnetic field intensity of 0.0–0.25 T, and the magnetic field
intensity distribution is uneven. The positive 45◦ diagonal
magnetic pole magnetic field is 0.2–0.4 T, the highest mag-
netic field intensity is 0.6–0.7 T, and the lowest magnetic
field intensity is 0.1 T. On the basis of the simulation results,
the magnetic pole single closed-loop uniform magnetic field
arrangement was selected; the high magnetic field intensity
distribution area was large. Finally, the fixed point was mea-
sured by using a Tesla meter; the measurement results were
basically consistent.

3 Results and discussion

In this paper, alumina ceramic substrate was used as the pol-
ishing object (Yang et al., 2019). The surface of the alumina
ceramic substrate is rough before polishing, with many pits
on the surface, as shown microscopically. The MRP solu-
tion was composed of 40 vol % iron powder, the magnetic
pole was arranged in a single closed-loop uniform mag-
netic field, and the rotational speed of the loading plate was

60 r min−1 (Fig. 3). The initial roughness of the sample was
Ra≈ 500 nm, and the polishing time was 6 h. A total of four
groups of experimental conditions, as shown in Table 1, were
set for the following four factors: rotational speed, working
pressure, abrasive type and abrasive particle size.

3.1 Influence of different rotation speeds on the
polishing effect

The above four groups of experiments were analysed. The
following are the polishing experimental conditions: the pol-
ishing time is 6 h, the working pressure is 10 N, the speed
of the carrier disc is 60 r min−1, the type of abrasive grain is
diamond, the abrasive content is 7 vol %, the particle size is
2.5 µm, and the iron powder content is 35 vol %. The pol-
ishing sample of the workpiece at rotating speeds of 50,
60, 70, 80, and 90 r min−1 was observed at 60 times mag-
nification with an ultra-depth-of-field microscope (Fig. 4).
When the speed was 50 r min−1, the surface residual pits
and the scratches generated by the previous process were
not removed, and the surface quality was poor. When the
speed was 60 r min−1, the surface pits were reduced, and the
scratches were significantly reduced. When the speed was
70 r min−1, the surface pits were significantly reduced, the
scratches were eliminated, and the surface was relatively uni-
form. When the speed was 80 r min−1, the number of surface
pits increased, with a small number of scratches. When the
speed was 90 r min−1, the surface scratches were more sig-
nificant, and the surface was rough.

Figure 5 shows that the surface roughness of alumina
ceramics decreased first and then increased when the ro-
tation speed of the polishing disc changed from 50 to
90 r min−1. After undergoing polishing at the corresponding
speed, the surface roughness of the alumina ceramics was
195, 129, 81.4, 125.3 and 151 nm, with a maximum differ-
ence of 113.6 nm. When the rotational speed went from 50
to 70 r min−1, with the increase in rotational speed, the fre-
quency of contact between abrasive particles and workpiece
surface increased, and the polishing efficiency gradually in-
creased. When the rotating speed went from 70 to 90 r min−1,
the linear velocity of the polishing pad increased gradually
with the increase in rotating speed. The centrifugal force is
greater than the tangential force of the magnetic force acting
on the flux linkage, thereby destroying the chain structure
inside the polishing pad and weakening the clamping force
of the flux linkage on the abrasive particles. The liquid car-
rier, carbonyl iron powder and abrasive particles of the MRP
fluid were separated from the polishing pad, mainly because
the liquid carrier is largely separated from the polishing pad.
Thus, the performance of the MRP fluid decreased and failed.
The residual stress on the alumina ceramic surface decreased
gradually from 50 to 90 r min−1. After polishing at the cor-
responding speed, the residual stresses on the alumina ce-
ramic surface were −49.25, −34.48, −20.85, −12.13 and
−7.5 MPa. The maximum residual stress difference on the
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Figure 1. Principle diagram and working condition diagram of the three-point eccentric MRP device.

Figure 2. Magnetic pole arrangement and magnetic field vector diagram.

alumina ceramic surface was 41.75 MPa. When the rotational
speed is low, the linear velocity of the polishing disc is low,
the centrifugal force is small, the magnetic linkage is rela-
tively stable for the clamping of the abrasive particles, the
polishing tangential force is relatively large, and the resid-
ual stress is large. When the rotational speed is high, the lin-
ear velocity of the polishing disc and the centrifugal force
are large. Some abrasive particles were separated from the
clamping of the flux linkage, the tangential force of polish-
ing was relatively reduced, and the residual stress decreased.
Finally, when the speed was 70 r min−1, the polishing quality
is the best, and the roughness value is the smallest.

3.2 Influence of different polishing pressures on the
polishing effect

The following are the polishing experimental conditions:
the polishing time is 6 h, the speed of the polishing disc
is 70 r min−1, the speed of the carrier disc is 60 r min−1,
the type of abrasive grain is diamond, the abrasive content
is 7 vol %, the particle size is 2.5 µm, and the iron pow-
der content is 35 vol %. The polishing sample of the work-
piece at pressures of 5, 10, 15, 20 and 25 N was observed at
60 times magnification with the ultra-depth-of-field micro-
scope (Fig. 6). When the pressure was 5 N, the surface re-
mained deep, and the diameter increased. When the pressure
was 10 N, the residual deep pits disappeared, but the resid-
ual small pits were not completely removed. When the pres-
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Table 1. Experimental factor parameter table.

Factors Horizontal

1 2 3 4 5

Rotational speed (r min−1) 50 60 70 80 90
Work pressure (N) 5 10 15 20 25
Types of wear particles Diamond Alumina Silicon carbide Boron carbide
Abrasive particle size (vol %) 0.5 1 1.5 2 2.5

Figure 3. Solid and microscopic appearance of workpiece.

sure was 15 N, no residual pit could be found on the surface,
and the surface quality was good. When the pressure was
20 N, the surface appeared to have shallow pits and scratches.
When the pressure was 25 N, the surface scratches became
deeper and wider, and the surface quality was poor.

Figure 7 shows that the surface roughness of the alumina
ceramics decreased first and then increased when the work-
ing pressure of the polishing disc was from 5 to 25 N. The
surface roughness (Ra) of the alumina ceramics after pol-
ishing under the corresponding working pressures was 159,
81.4, 51.9, 135.9 and 214.3 nm, respectively. The maximum
difference in the surface roughness of alumina ceramics was
162.4 nm. When the working pressure went from 5 to 15 N,
with the increase in the working pressure, the cutting force of
abrasive particles and workpiece surface polishing increased,
and the polishing efficiency increased gradually. When the
working pressure went from 15 to 25 N, with the increase
in the working pressure, the thickness of the MRP fluid be-
came increasingly thinner. When the polishing pressure was
too large, the magnetic chain of the MRP fluid could be de-
stroyed, and the abrasive particles fell off the magnetic chain.
Thus, the performance of the MRP fluid could decrease and
fail, which may cause the rigid grinding of the carrier plate
on the surface of the abrasive particles and increase the sur-

face roughness value. When the working pressure went from
5 to 25 N, the surface residual stress of the alumina ceram-
ics increased gradually. The surface residual stress of the
alumina ceramics after polishing under the corresponding
working pressures was −10.07, −20.85, −32.71, −95.7 and
−126.58 MPa. The maximum difference in the surface resid-
ual stress of the alumina ceramics was 116.3 MPa. When the
working pressure was small, the MRP fluid magnetic chain
thickness was relatively high, the abrasive and workpiece
surface polishing cutting force were relatively small, and the
residual stress was small. When the working pressure was
high, the MRP fluid magnetic chain was thin, and the polish-
ing pressure was too large to destroy the MRP fluid magnetic
chain. The abrasive particles fell off the magnetic chain. Un-
der the action of a large working pressure, the abrasive parti-
cles produced a large polishing cutting force with the work-
piece surface, and the residual stress increased. Finally, when
the working pressure was 15 N, the polishing quality was the
best, and the roughness value was the smallest.

3.3 Influence of different abrasive particles on the
polishing effect

The following are the polishing experimental conditions:
the polishing time is 6 h, the speed of the carrier disc is
60 r min−1, the working pressure is 15 N, the abrasive con-
tent is 7 vol %, the particle size is 2.5 µm, the speed of the
polishing disc is 70 r min−1, and the iron powder content is
35 vol %. The polishing sample of the workpiece when dia-
mond, alumina, boron carbide and silicon carbide were used
as polishing abrasives was observed at 60 times magnifica-
tion with the ultra-depth-of-field microscope (Fig. 8). When
the polished abrasive was diamond, no obvious pits and
scratches on the surface were found, and the surface quality
was good. When the polishing abrasive was alumina, the sur-
face retained its deep pits with a large number thereof, and
the surface quality was poor. When the polishing abrasive
was silicon carbide, the number of surface pits decreased.
When the polishing abrasive particle was boron carbide, the
number of surface pits was further reduced, but the surface
quality was poor.

Figure 9 shows that different polishing abrasives affect
the surface roughness and residual stress of alumina ce-
ramics. Diamond, alumina, silicon carbide and boron car-
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Figure 4. Microscopic appearance of samples at different rotational speeds.

Figure 5. Relationship between rotational speed and surface rough-
ness and residual stress.

bide were used in this study. After polishing, the surface
roughness values of the alumina ceramics were 51.9, 183,
91.8 and 71.1 nm, with a maximum surface roughness dif-
ference of 131.1 nm. The abrasive hardness from small to
large was alumina, silicon carbide, boron carbide and dia-
mond, corresponding to the polishing degree of the alumina
ceramic surface. The best surface roughness of alumina ce-
ramics was achieved when the polishing abrasive was dia-
mond, followed by silicon carbide and boron carbide. The
worst surface roughness was achieved when the polishing
abrasive was alumina, due to the high hardness of alumina
ceramics. Diamond has high hardness, thus being more suit-
able for polishing alumina ceramics. The residual stresses on
the alumina ceramic surface after polishing with diamond,

alumina, silicon carbide and boron carbide abrasive particles
were −32.71, −8.65, −14.6 and −20.41 MPa, respectively,
with a maximum difference of 24.06 MPa. A high abrasive
hardness corresponded to greater residual stress generated by
surface cutting under the same working pressure. The best
polishing quality and the lowest roughness were achieved
with the diamond polishing abrasive.

3.4 Influence of different particle sizes on the polishing
effect

The following are the polishing experimental conditions: the
polishing time is 6 h, the iron powder content is 35 vol %,
the type of abrasive grain is diamond, the polishing pres-
sure is 15 N, the particle size is 2.5 µm, the speed of the
polishing disc is 70 r min−1, the abrasive content is 7 vol %,
and the wheel speed is 60 r min−1. The polishing sample of
the workpiece at abrasive particle sizes of 0.5, 1, 1.5, 2 and
2.5 µm was observed at 60× magnification with the ultra-
depth-of-field microscope (Fig. 10). When the particle size
was 0.5 µm, the surface residue was deeper, and the diameter
increased. When the particle size was 1 µm, the surface re-
tained its incompletely removed pits with the same direction.
When the particle size was 1.5 µm, the residual micropits on
the surface were not completely removed. When the particle
size was 2 µm, no pits were observed on the surface, and the
surface quality was good. When the particle size was 2.5 µm,
only a few small pits appeared on the surface.

Figure 11 shows that when the particle size of the polished
abrasive particles ranged from 0.5 to 2.5 µm, the surface
roughness of the alumina ceramics first decreased rapidly,
then slowly decreased and finally slowly increased. The sur-
face roughness (Ra) of the alumina ceramics after polishing
was 85.84, 59.6, 40, 28.9 and 35.2 nm, with a maximum dif-
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Figure 6. Microscopic appearance of samples under different pressures.

Figure 7. Relationship between pressure and surface roughness and
residual stress.

ference of 56.9 nm. At a constant polishing abrasive content
and a polishing abrasive particle size of 0.5 to 1.5 µm, the
amount of polishing abrasive decreased, the pressure on pol-
ishing abrasive and the effective area of single polishing in-
creased, the removal of surface-obvious anomalies and pits
was accelerated, and the removal efficiency of polishing was
higher with the increase in the particle size of the polish-
ing abrasive. When the particle size of the polishing abra-
sive went from 1.5 to 2 µm, the reduction rate of the surface
roughness became slow. As a result of the larger particle size
of the polishing abrasive, a large clamping gap between the
magnetic particles corresponded to a small magnetic clamp-
ing force of the polishing abrasive and thus a slow reduction
in surface roughness. When the abrasive particle size went
from 2 to 2.5 µm, the surface roughness increased slowly. As

Figure 8. Microscopic appearance of samples with different abra-
sive grains.

a result of the increase in abrasive particle size, the gap be-
tween magnetic particles led to the mismatch between mag-
netic particles and abrasive particle size, the number of pol-
ishing abrasive particles decreased, and the polishing qual-
ity of alumina ceramics decreased. The residual stresses on
the alumina ceramic surface after polishing with the corre-
sponding particle sizes are −8.65, −12.6, −23.22, −32.02
and −45.96 MPa, respectively, with a maximum difference
of 37.3 MPa. At a constant content of polishing abrasive
particles, the residual stress on the alumina ceramic surface
increased gradually when the particle size of the polishing
abrasive particles went from 0.5 to 2.5 µm. Moreover, at a
constant content of polishing abrasive particles, a large par-
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Figure 9. Relationship between types of abrasive grains and surface roughness and residual stress.

Figure 10. Microscopic appearance of samples with different particle sizes.

ticle size corresponded to fewer abrasive particles. The force
acting on each polishing abrasive particle increased under
constant polishing pressure. The polishing process gener-
ated scratches and increased residual stresses on the alumina
ceramic surface. The best polishing quality and the lower
roughness value were achieved at an abrasive particle size
of 2 µm.

3.5 Influence of the polishing time on the polishing effect

The following are the polishing experimental conditions: the
iron powder content is 35 vol %, the type of abrasive grain
is diamond, the polishing pressure is 15 N, the particle size
of 2.5 µm, the speed of the polishing disc is 70 r min−1, the
abrasive content is 7 vol %, and the speed of the carrier disc is
60 r min−1. The polishing sample of the workpiece at polish-

ing times of 2, 4, 6, 8 and 10 h was observed at 60 times mag-
nification with the ultra-depth-of-field microscope (Fig. 12).
When the polishing time was 2 h, more residual pits and poor
surface quality could be found. When the polishing time was
4 h, the surface exhibited a small amount of incompletely re-
moved pits. When the polishing time was 6 h, the surface’s
residual small pits were not completely removed, and the
overall surface quality was good. When the polishing times
were 8 and 10 h, no residual pits were found on the surface,
and the surface quality improved.

Figure 13 shows that when the polishing time was from
2 to 10 h, the surface roughness of alumina ceramics de-
creased rapidly and then tended to be stable. Under the cor-
responding polishing times, the surface roughness (Ra) of
alumina ceramics was 275.4, 88.7, 28.9, 28 and 22.41 nm,
with a maximum difference of 252.99 nm. When the polish-
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Figure 11. Relationship of particle size with surface roughness and residual stress.

Figure 12. Microscopic appearance of samples at different times.

ing time was 10 h, the surface roughness of alumina ceram-
ics was the smallest. When the polishing time went from 2
to 4 h, with the increase in polishing time, the number of ef-
fective scratches between polishing abrasive particles and the
alumina ceramic surface increased, the alumina ceramic sur-
face was rough in the initial stage, and the removal amount
and polishing efficiency of the alumina ceramics were high.
When the polishing time went from 4 to 6 h, the decrease in
the surface roughness of the alumina ceramics slowed down
significantly with the increase in polishing time. As the con-
vex part of the alumina ceramic surface was basically re-
moved, the pits were removed at the corresponding time, and
the polishing efficiency was significantly reduced. When the
polishing time went from 6 to 10 h, the surface roughness
value of the alumina ceramics changed in a horizontal line,

and the surface roughness value decreased slightly. The sur-
face roughness of the alumina ceramics reached the limit as
a result of the limitation of equipment and other factors. The
polishing quality demonstrated little effect with prolonged
polishing time. The residual stresses on the alumina ceramic
surface after polishing at the corresponding polishing time
were −14.6, −26.34, −32.02, −56.39 and −79.86 MPa,
with a maximum difference of 65.26 MPa. When the pol-
ishing time went from 2 to 6 h, the residual stress increased
slowly, mainly to remove the alumina surface bulge, the pol-
ishing abrasive particles scratched the alumina surface less
frequently, and the alumina surface damage was relatively
small. When the polishing time went from 6 to 10 h, the
residual stress increased linearly, mainly to remove pits on
the whole alumina surface, the number of scratches between
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Figure 13. Relationship between time and surface roughness and residual stress.

alumina ceramic surface and polishing abrasive particles in-
creased, and the sub-damage of the whole alumina ceramic
surface was more obvious. Finally, when the polishing time
was 6 h, the polishing efficiency for the alumina ceramic sur-
face was the highest.

4 Conclusion

1. The pressurised three-point eccentric MRP device was
designed to cope with the hard and brittle nature of
alumina ceramics. Compared with the fixed-point gap
polishing method, the applied pressure significantly im-
proves the polishing efficiency, while the three-point ec-
centric MRP device results in better polishing unifor-
mity. The centreline of the carrier disc is not on the
same centreline as that of the polishing disc and a rela-
tive deviation angle is present, which reduces the polish-
ing quality of the alumina ceramic substrate as a result
of the linear speed difference. The carrier disc and pol-
ishing disc rotate in opposite directions, thereby facili-
tating the replacement of abrasive particles in the MRP
solution, resulting in a more uniform distribution of the
MRP solution inside and outside the polished workpiece
surface.

2. The magnetic field generation device is designed using
the principle of closed-loop magnetic induction loop,
and the optimal arrangement is determined through
comparative analysis of magnetic field simulation as a
single closed-loop uniform magnetic field arrangement.
The single closed-loop uniform magnetic field arrange-
ment increases the effective area covered by the mag-
netic field and the magnetic field distribution is more
uniform, and the strong magnetic field strength can
reach 0.7–0.8 T.

3. The influence of different factors on the surface qual-
ity of the workpiece is analysed through polishing ex-
periments. The surface roughness decreases and then
increases as the speed of the polishing disc, the work-
ing pressure and the abrasive particle size increase. The
residual stress decreases with increasing disc speed and
increases with increasing working pressure and abrasive
size. When the polishing disc speed is 70 r min−1, the
working pressure is 15 N and the particle size is 2 µm,
and a low residual stress and the best polished surface
quality are achieved, with a surface roughness (Ra) of
28.9 nm.
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