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Abstract

A novel magnetorheological finishing (MRF) method, which is named Lap-MREF, is proposed in this paper. The
magnetorheological fluid (MR fluid) in the polishing zones can be renewed continuously so that the determinacy is ensured.
A lap, instead of a large polishing wheel, is used to expand the polishing area, which improves the material removal rate largely.
Lap-MRF uses flexible MR fluid as polishing pad to match the surface well. Moreover, the polishing pad executes planetary
motion so as to obtain smooth surface. In this paper, the principle of Lap-MRF and the theoretical model of material removal rate
are presented. Using the finite element analysis method, the permanent magnet unit is simulated and a multi-parameter optimi-
zation is conducted to improve the performance of Lap-MRF. Finally, a series of polishing experiments and simulation process
are carried out. For K9 sample, the volume removal rate is up to 0.76 mm>/min and its relative change rate is less than 5.5%. For
silicon modification layer sample, the surface roughness is improved to 0.788 nm RMS (root mean square) from 1.610 nm RMS.
There is no deep pit and the polishing ripple is not apparent on the surface. For ® 1000 mm flat mirror, the convergence efficiency
of simulation process is up to 97.2%. These results verify the validity of the proposed method, which makes Lap-MRF to be a

promising finishing technology for large aperture mirrors.

Keywords Lap-MRF - Material removal rate - Magnetostatic simulation - Multi-objective optimization - Surface roughness

1 Introduction

With the development of information technology, electronics,
aerospace, and national defense, the demands for large aper-
ture optical components are growing rapidly. However, the
fabrication difficulty increases greatly because of its special
geometry and the high requirements for surface error as well
as roughness, which has become one of the key factors
restricting the wide use of these components.

Nowadays, the main processing technologies of large ap-
erture mirrors include computer-controlled optical surfacing
(CCOS) [1], stressed-lap polishing [2], magnetorheological
finishing (MRF), ion beam figuring, [3] and so on. For
CCOS, the material removal rate is very high and the RMS
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value of surface roughness after polishing is very small.
However, the polishing lap wears easily and the polishing tool
cannot match the mirror well, which makes the material re-
moval rate unstable and the convergence efficiency low [4, 5].
For MREF, the circulating MR fluid is continuously monitored
and maintained so that the polishing tool does not wear, which
makes the removal function stable [6—8]. Besides, MRF has
no subsurface damage. However, the MR fluid flow direction
is single so that there exists surface ripple inside MRF spot
and there may be deep pits that are polished into a comet-like
form by the MR fluid when polishing soft material, which
increases the RMS value of surface roughness [9].
Moreover, the material removal rate is restricted since a higher
removal rate needs a larger wheel which is extremely demand-
ing in terms of precision machining and assembly [10].
Several scholars have done many researches on the devel-
opment of new MR fluid-based finishing processes in recent
years. Ren et al. proposed a new Belt-MRF with the assistance
of belt instead of large wheel to expand the polishing length,
which improves the material removal rate [10]. The structure
and operating principle were presented and the material remov-
al stability was verified. However, there still exists polishing
ripple on the surface after polishing using Belt-MRF. Pan et al.
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Fig. 1 Schematic diagram of
Lap-MRF

proposed a cluster magnetorheological plane polishing process
based on a combination of MRF and cluster mechanism [11,
12]. The magnetic field of a cluster MR disk was simulated and
the material removal model was established. Guo et al. devel-
oped a kind of clitella MRF, which is based on the “area-con-
tact” polishing ideas, to achieve efficient processing of the op-
tical components [13]. The annulus magnetic field was de-
signed, simulated, and analyzed. Also, some new process
methods, such as ball end magnetorheological finishing pro-
cess [14], magnetorheological abrasive flow finishing process
[15, 16], and magnetic compound fluid slurry polishing [17],
were developed recently. However, the material removal stabil-
ity in the finishing processes mentioned above has not been
reported yet.

In this paper, we propose a kind of new polishing technol-
ogy, named Lap-MRF, which combines the advantages of
CCOS and MRF. In this method, a lap, instead of a large
polishing wheel, is used to expand the polishing area, which
makes the material removal rate higher. The circulating MR
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fluid is well monitored and maintained, the working gap dis-
tance is well controlled, and the flexible MR fluid can match
the surface well, which ensures the stability of the material
removal rate. Moreover, Lap-MRF uses flexible MR fluid as
polishing pad and the polishing pad can execute planetary
motion so that smooth surface can be obtained. The principle
of Lap-MREF, the theoretical model of material removal rate,
the simulation and optimization of the permanent magnet unit,
the polishing experiments, and simulation process will be
discussed in detail in the following sections.

2 Principle of Lap-MRF

This section introduces the principle of Lap-MRF. The sche-
matic diagram of Lap-MRF is shown in Fig. 1. The MR fluid
is stored in the MR fluid storage tank, whose temperature is
well controlled by the circulating cooling water. When the
system functions, the MR fluid is injected into the gap

L-pole

(a)

(b)

Fig. 2 Polishing head of Lap-MRF. a Distribution of permanent magnet unit. b Permanent magnet unit
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Fig. 3 Distribution of high-intensity and low-intensity magnetic field
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Fig. 4 The kinematic relation between polishing lap and workpiece

Fig. 5 Permanent magnet unit. a
Special paths surrounding
permanent magnet unit. b Key
parameters of permanent magnet
unit

between the polishing lap and the workpiece by the supply
pump. The MR fluid flows through the gap along the radial
direction, and it is sucked by the collecting loop. In the end,
the MR fluid moves back into the tank. The flow rate and
viscosity of the MR fluid are monitored and adjusted accord-
ing to the feedback parameters of flowmeter and viscometer,
respectively. All these form a complete closed-loop automatic
control system.

Figure 2a shows that there are three permanent magnet
units over the back of polishing lap along the circumfer-
ential direction. As Fig. 2b shows, the permanent magnet
unit consists of left and right magnetic poles (L-pole and
R-pole), fixing block and pure iron. It can generate high-
intensity magnetic field (H-field) zone in the vicinity of
the gap as shown in Fig. 3. The fixing block, whose ma-
terial is aluminum alloy, is just used to fix the two mag-
netic poles. The MR fluid can flow along the radial direc-
tion in the low-intensity magnetic field (L-field) zones so
that it can be renewed continuously. Meanwhile, the MR
fluid, which is driven by the rotation of the polishing lap,
can also flow along the circumferential direction.
Therefore, the MR fluid can be renewed continuously in
the whole gap between the polishing lap and the
workpiece.

The MR fluid flows across the H-field and L-field
zones alternatively. When it flows into the H-field zones,
it comes into a viscoplastic Bingham medium and forms
flexible polishing pad, which results in generation of high
shear stress and material removal over the portion of the
workpiece.

In order to meet the requirement of material removal sta-
bility, MR fluid should be renewed stably and continuously.
The fluidity of MR fluid in the L-field zones is a key factor
influencing the renewal. Therefore, it is necessary to ensure
the magnetic field intensity is as weak as possible in the L-
field zones.

Pure iron

L-pole R-pole

(b)
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Table 1 Initial values of parameters for permanent magnet unit

a b c « J6]

20 mm 4 mm 3 mm 132.5° 147.5°

3 Material removal rate model

The material removal rate of Lap-MRF can be described by a
linear relation of the pressure and velocity according to the
Preston equation [18]:

R = kpv (1)

where R is the material removal rate, k is the Preston coeffi-
cient related to polishing conditions other than the pressure
and velocity such as material properties, abrasives, etc., p is
the pressure between the polishing pad and the workpiece
within the contact area, and v is the relative velocity between
the polishing pad and the workpiece.

The kinematic relation of the polishing pad with eccentric
rotation motion is shown in Fig. 4. O, is the center of the
revolution motion, O, is the center of the spindle motion, g

is the distance between point A and Oy, n; is the revolution
speed, and 7, is the spindle speed.

The relative velocity distribution of the polishing pad on
the workpiece at point A can be derived by the following
equation [19]:

V) = 200 [P0 40+ =21+ f)cost] a0

(2a)
where

4+ (2=1)ry?

2b
2rery (20)

0y = arccos( >,f”€[07 (1 +e)ro

where f'is the speed ratio and f=n,/n;, and e is the eccentric
ratio and e = g/ry.

The pressure between the polishing pad and the workpiece
within the contact area can be expressed as follows [20]:

_ 3<proBHﬁzfmax o 3§0r062fmax BH
p= 0 e T G

™

where

is the revolution radius, 7y is the radius of the polishing pad, » 8= (=) / (i + 240) (3b)
Table 2 Plan of simulation experiments and summary of response parameters
Exp.no.  Simulation experimental conditions Responses Exp.no.  Simulation experimental conditions Responses
a/mm b/mm c¢mm «of° B/° Bh/T  BIT a/mm b/mm c¢mm aof° 06/° BW/T  BIT
1 20 2 3 132.5 155 042 0.092 22 20 4 1 1325 155 044  0.093
2 19 4 3 125 1475 049 0.097 23 20 2 3 140 147.5 033  0.084
3 20 2 5 1325 1475 043 0.089 24 20 6 3 1325 155 0.53  0.095
4 20 6 3 125 1475 057 0.095 25 19 4 3 1325 155 047  0.091
5 20 6 3 132.5 140 051 0.093 26 21 4 3 125 147.5 054  0.097
6 20 4 5 140 1475 045 0.092 27 19 6 3 1325 1475 047  0.093
7 20 2 3 132.5 140 036  0.090 28 20 6 5 1325 1475 059  0.094
8 19 4 5 1325 1475 047 0.093 29 21 4 3 1325 140 046  0.093
9 19 2 3 132.5 1475 042  0.092 30 21 2 3 1325 1475 040 0.09
10 20 4 1 1325 140 045  0.093 31 20 4 1 125 1475 044  0.095
11 21 6 3 1325 1475 054  0.092 32 20 4 3 125 140 049  0.093
12 20 4 3 125 155 052 0.097 33 21 4 3 140 147.5 042  0.088
13 21 4 5 1325 1475 050 0.092 34 19 4 1 1325 1475 039  0.093
14 20 2 3 125 1475 042 0.092 35 20 4 1 140 147.5 037  0.087
15 20 4 5 132.5 140 048 0.092 36 20 2 1 1325 1475 034  0.09
16 20 4 3 132.5 1475 047 0.090 37 20 4 3 140 155 047  0.087
17 20 6 1 132.5 1475 046 0.093 38 20 4 5 125 147.5 054  0.098
18 19 4 3 140 1475 043 0.089 39 20 4 3 140 140 041  0.087
19 21 4 3 1325 155 049  0.093 40 19 4 3 1325 140 039  0.083
20 20 4 5 1325 155 051 0.093 41 20 6 3 140 147.5 050  0.087
21 21 4 1 1325 1475 043 0.089
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Table 3 Results of optimization
Solutions a/mm b/mm ¢/mm a/mm 06/° Bh/° Bi/° Desirability
1 20.97 2.99 5.00 140.00 140.00 0.4245 0.0868 0.398
2 20.92 3.01 5.00 139.97 140.00 0.4246 0.0868 0.395
3 21.00 3.19 4.98 140.00 141.05 0.4339 0.0870 0.395
Selected 21.00 3 5.00 140.00 140 0.3877 0.0854

where ¢ is the volume fractions of the magnetic particles in
the MR fluid, B is the magnetic induction intensity of the MR
fluid, H is the magnetic field intensity, u is the magnetic per-
mittivity of the MR fluid, 1; is the magnetic permittivity of the
magnetic particle, /4 is the working gap distance between the
polishing lap and the workpiece, and f reaches a maximum
fmax =0.0571 in the point dipole approximation.

Combining Egs. (1), (2a) and (3a) produces the relationship
for the material removal rate to the magnetic induction intensity
of MR fluid, the magnetic field intensity, the working gap dis-
tance, and the spindle speed which can be expressed as follows:
R(r) = K() 2 (4)
where K(r) is the coefficient related to polishing conditions.

Equation (4) shows that the material removal rate will in-
crease with the enhancement of the magnetic field intensity in
the H-field zones. Therefore, it is necessary to ensure the mag-
netic field intensity is as strong as possible in the H-field zones.

4 Permanent magnet unit optimization

From the above analysis in Section 2 and Section 3, we can
see that we should enhance the magnetic field intensity in the
H-field zones while weakening the magnetic field intensity in
the L-field zones so as to improve the performance of Lap-
MREF. Therefore, it is necessary to optimize the magnetic in-
duction intensity distribution surrounding the permanent mag-
net unit.
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Fig. 6 Magnetic induction intensity distribution

WV 5.06X107°

Figure 5a shows that path 1 is beside the permanent magnet
unit and along the center axis of the shaft, path 2 is on the
symmetrical plane of the two adjacent permanent magnet
units, path 3 is on the surface of the polishing lap and along
the slice of the permanent magnet unit, and path 4 is on the
surface of the polishing lap and perpendicular to the slice of
the permanent magnet unit. These four paths are the special
locations surrounding the permanent magnet unit. The mag-
netic induction intensity along path 1 and path 2 has important
influence on the renewal of MR fluid, while the magnetic
induction intensity along path 3 and path 4 has important
influence on the material removal rate. Obviously, the five
independent key parameters (i.c., @, b, ¢, «, and 3 as shown
in Fig. 5b) would affect the magnetic induction intensity dis-
tribution along these four special paths. Figure 5b shows the x-
z section plane of the permanent magnet unit. In order to
optimize the five independent key parameters, the magnetic
induction intensity distribution along the above four special
paths under different five independent key parameters should
be simulated and analyzed.

According to the properties of magnetic material, the mag-
netostatic simulation of the permanent magnet unit can be
done using COMSOL Multiphysics 5.0 software. The initial
values of the five independent key parameters for the perma-
nent magnet unit are listed in Table 1.The material of the
magnetic pole is Rubidium Iron Boron N52, whose remnant
flux density is 14.3~14.8 kGs and coercive force is over
10.0 kOe. As Fig. 5b shows, the magnetizing direction of L-
pole is along +z axis and the magnetizing direction of R-pole
is along —z axis.

Polishing lap Probe Teslameter
e\

Fig. 7 Measurement system
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Fig. 8 Magnetic induction intensity curve along different paths. a Path 1
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A detailed parameter study using Design Expert 8.0.6 soft-
ware was conducted to evaluate the effect of the five indepen-
dent key parameters on the magnetic induction intensity dis-
tribution surrounding the permanent magnet unit. In this
study, the maximum magnetic induction intensity (B%) along
path 3 and path 4 and the maximum magnetic induction in-
tensity (Bl) along path 1 and path 2 were selected as the two
response parameters. Forty-one randomized simulation exper-
imental conditions were designed according to the Box-
Behnken design methodology with five factors which were
varied over three levels. The values of the two response pa-
rameters (B and Bl) under 41 simulation experimental con-
ditions were obtained using COMSOL Multiphysics. The ran-
domized simulation experimental conditions and the summary

Fig. 9 Line of magnetic induction
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of the two response parameters are given in Table 2. Based on
the 41 randomized simulation experimental results, the func-
tional relationship between the two response parameters and
the five independent key parameters can be fitted as Egs. (5)
and (6), respectively.

Bh =0.269 + 0.017a + 0.033b + 0.020c—5.242

x 107a42.375 x 1073 (5)
Bl =0.147-1.5 x 10*a + 7.313 x 107*h + 3.125
x 1074¢=5.283 x 10%a +9.667 x 1073 (6)

Fig. 10 MR fluid ribbons on polishing lap



Int J Adv Manuf Technol (2018) 95:4645-4657

e Injection

pipe
Lap-MRF
apparatus
K9 Collf:ction
sample pipe

Fig. 11 Lap-MRF experimental set-up for polishing K9 sample

In order to improve the performance of Lap-MRF, a multi-
objective optimization method was applied to optimize the

F(a,b,c,, ) = min(—Bh, Bl)

19mMm<a<21mm
2mm<h<6mm
Imm<c<5mm
125 <a<140°
140°<3<155
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Table 5 Composition of MR fluid
Constituent Volume concentration (%)
Carbonyl iron powder 40
Deionized water 56

Cerium oxide powder

Stabilizing agent

five independent key parameters for the permanent magnet
unit. The goal of the multi-objective optimization is that Bk
should be as strong as possible while B/ should be as weak as
possible. The objective functions for the multi-objective opti-
mization are Bh and BI, which are expressed as Egs. (5) and
(6), respectively. In order to meet the optimal design require-
ments and the structure size limitations, the values of each
independent key parameter range from its minimum value to
its maximum value, which are shown in Table 2. The mathe-
matical model for the multi-objective optimization is as fol-
lows [21-23]:

Bh = 0.269 + 0.017a + 0.033b + 0.020¢—5.242 x 103 +2.375 x 107
Bl = 0.147-1.5 x 10 *a 4+ 7.313 x 107*h +3.125 x 10 #¢—5.283 x 10 *a + 9.667 x 107

There are numerous methods used to solve multi-objective
optimization problems [21, 24]. In this study, a method proposed
by Derringer et al. was employed to identify the optimal combi-
nation of the five independent key parameters [25]. The optimiza-
tion is performed in terms of the desirability function. The desir-
ability functions of Bk and B! are defined as follows, respectively.

1, Bh > Bl
Bh—Bhyin \"
dy = - Bhax > Bh > Bhyn 8
h <maax_main) ’ ( )
0, Bh < Bhun
0, Bl > Blyax
Blumax—Bl \"
dy = (ﬁ) . Blyax > Bl > Blyin (9)
1, Bl < Bl
Table 4  Experimental parameters of Lap-MRF
ny (rpm) 1 (rpm) e=glro O (L/h) h (mm) t(h)
0 100 0 80 1.8 0.5

where Bhyax, Bhmin and Blyayx, Blmin are the maximum and
minimum values of BA and BI, respectively, from the simula-
tion experimental results. Considering the linear increment of
desirability, 7 =1 is selected. The geometric mean of d}, and d;
is then used to assess the desirability D of the combined re-
sponse levels [25]. Then, F in Eq. (7) can be defined as Eq.
(10) and the maximum value of desirability D corresponds to
the minimum value of F.

F(a,b,c,a, f) = min{-D} = min{—(dh,dl)l/z} (10)

Combining Egs. (7), (8), (9), and (10), the desirability D for
each level of the five independent key parameters can be ob-
tained. The Design Expert 8.0.6 software was used to search
the maximum desirability D. The first three optimization so-
lutions for maximizing Bk and minimizing B/ are listed in
Table 3. We select the average value of the each independent
parameter as the optimal key parameter, and the final values of
the five independent key parameters are listed in Table 3.

The simulation result of the magnetic induction intensity
distribution in the two symmetrical planes after optimization

@ Springer
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Fig. 12 The removal function shape (A = 632.8 nm). a The first removal function. b The second removal function. ¢ The third removal function. d The

fourth removal function

is shown in Fig. 6. Figure 7 shows the measurement system
we used to measure the magnetic induction intensity distribu-
tion along different paths. The polishing device was mounted
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Fig. 13 The variation curve of the material removal rate

@ Springer

on a numerically controlled machine tool developed by our
research group, so we could easily measure magnetic induc-
tion intensity distribution along different paths. The model of
the teslameter used in the measurement is PG-5A.

Figure 8a—d shows the simulation results and the measure-
ment results of the magnetic induction intensity distribution
along the above four paths, respectively. From these figures,
we can see that the measurement results are in good agreement
with the theoretical simulation results, which verifies the ac-
curacy of the simulation.

The distribution of the line of magnetic induction is shown
in Fig. 9. The line of magnetic induction bulges over the poles

Table 6 Experimental parameters of MRF (wheel diameter 200 mm)

Wheel speed Flow of MR fluid Insertion depth

240 rpm 140 L/h 0.25 mm
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Table 7  Experimental parameters of Lap-MRF
ny (rpm) n; (rpm) e=g/ro O (L) h (mm)
120 125 0.5 80 1

and the magnetic field gradient is normal to the polishing lap
which is beneficial to the formation of the MR fluid ribbon
[26]. As shown in Fig. 10, there exist three stable MR fluid
ribbons below the permanent magnet units along the radial
direction of the polishing lap; however, there is not much
MR fluid which is pressed against the polishing lap between
any two adjacent permanent magnet units.

From above analysis, it can be seen that the magnetic in-
duction intensity in the H-field zones is up to 0.35 T so that the
MR fluid can come into a viscoplastic Bingham medium and
form ribbon protrusions to polish the workpiece, while the
magnetic induction intensity in the L-field zones is under
0.08 T so that MR fluid can flow freely to achieve renewal,
which can satisfy the using requirements.

5 Experiments
5.1 Material removal rate stability

Higher material removal rate stability in a long-time polishing
process is necessary for processing large aperture mirrors. The
material removal rate of Lap-MREF is affected by such param-
eters as the MR fluid, the abrasive particle size, the abrasive
particle type, the magnetic field intensity, the relative velocity
between the polishing pad and the workpiece, the working gap
distance between the polishing lap and the workpiece, and so
on. In this paper, we performed experiments on K9 sample for
four times under the same experimental parameters to validate
the stability and repeatability of the removal functions. In
accordance with an actual fabrication situation, the Lap-

Fig. 14 Experimental set-ups for
polishing a silicon modification
layer. a MRF. b Lap-MRF

MRF experimental set-up was still under use for polishing
another K9 sample during the interval (5 h) between any
two adjacent removal functions. The photograph of Lap-
MREF experimental set-up for polishing K9 sample is shown
in Fig. 11. The whole experimental set-up is modified on a
numerically controlled machine tool developed by our re-
search group. The relative motion between the experimental
set-up and the workpiece can be controlled on six axes: X, Y,
Z, A, B, and C. The experimental parameters are given in
Table 4. Q is the flow rate of the MR fluid. ¢ is the polishing
time for each removal function. The diameter of the polishing
lap is 165 mm. The MR fluid used in the experiments is water-
based MR fluid and its composition is listed in Table 5.

The size of K9 sample used in the former experiments is
®350 mm x 20 mm. The K9 samples were all initially pre-
pared using CCOS with cerium oxide abrasives. We measured
the surface profile by 24-in. Zygo interferometer before and
after polishing and then obtained the removal functions as
shown in Fig. 12. Figure 13 shows the variation curve of the
peak and volume removal rate of different removal functions,
and the stability of the volume removal rate is less than 5.5%.
As a contrast, the variation ratio of volume removal rate is
about 10~20% for CCOS [27-29]. Lap-MREF is of better ma-
terial removal stability than CCOS, which can be used for
surface figuring.

5.2 Surface roughness improvement

Lap-MRF uses flexible MR fluid as polishing pad and the
polishing pad can execute planetary motion so that the smooth
surface can be obtained. In order to verify the improvement of
surface roughness, we performed experiments on K9 samples
and silicon modification layers on silicon carbide substrates
using MRF and Lap-MREF. The silicon modification layers on
the silicon carbide substrates were prepared using the modifi-
cation technology of ion beam-assisted deposition. The initial
surface roughness of two K9 samples and two silicon modifi-
cation layers on two silicon carbide substrates were almost the

(b)
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same, respectively. They were all initially prepared using
CCOS with cerium oxide abrasives. The MR fluid used in
MRF was the same with that used in Lap-MRF. The experi-
mental parameters of MRF and Lap-MRF are given in Table 6
and Table 7, respectively. For two K9 samples, the final sur-
face roughness after polishing using MRF is almost the same
as that after polishing using Lap-MRF. However, great differ-
ence takes place when polishing silicon modification layers
using MRF and Lap-MREF, respectively. The photograph of
MREF and Lap-MRF experimental set-ups for polishing silicon
modification layers are shown in Fig. 14a, b, respectively.
The RMS surface roughness was measured using the Zygo
white-light interferometer with x 10 lens. The initial and final
surface roughness for silicon modification layer before and
after polishing using MRF is shown in Fig. 15a, b, respective-
ly. The initial and final surface roughness for silicon modifi-
cation layer before and after polishing using Lap-MRF is
shown in Fig. 15¢, d, respectively. For the silicon modification
layer after polishing using MRF, there exist deep pits that are

polished into a comet-like form by the MR fluid which dete-
riorates the finished surface roughness. The RMS value of
surface roughness deteriorates to 2.051 nm from 1.690 nm
after polishing using MRF. For the silicon modification layer
after polishing using Lap-MRF, however, the deep pit van-
ishes and the polishing ripple is not apparent. The RMS value
of surface roughness is improved to 0.788 nm from 1.610 nm
after polishing using Lap-MRF, which verifies the improve-
ment of surface roughness of silicon modification layer using
Lap-MRF.

5.3 Simulation process for a large aperture mirror

The material removal amount for large aperture mirrors in-
creases greatly, so that higher material removal rate and con-
vergence are required to shorten the processing cycle. In order
to verify the convergence using Lap-MRF, we performed sim-
ulation process using the Lap-MRF removal function of K9 on
a ®1000-mm flat. The initial surface shape of 1000 mm with
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Fig. 15 The surface roughness for silicon modification layer before and after MRF and Lap-MRF. a Surface roughness before MRF. b Surface roughness
after MRF. ¢ Surface roughness before Lap-MRF. d Surface roughness after Lap-MRF
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1.2 um PV (peak-to-valley) and 0.26 um RMS is shown in
Fig. 16a. Figure 16b shows the Lap-MRF removal function of
K9 which is obtained under the same experimental parameters
as given in Table 7 and the polishing time is 10 min. The
volume removal rate for this removal function is up to
0.76 mm*/min. When calculating the dwell time, we changed
the mirror into a $1450-mm flat using image extension to
avoid the ring effect. The dwell time on a $1450-mm flat is
shown in Fig. 16¢c. During the simulation process, we adopted
the raster tool path. Moreover, the edge effect and location
error are both ignored. The final surface shape after simulation
process is shown in Fig. 16d. The surface shape is converged
to 0.0795 um PV and 0.0073 pwm RMS after 501 min
polishing and the convergence efficiency is 97.2%.
However, the volume removal rate of MRF for K9 is
0.24 mm>/min under the same experimental parameters as
given in Table 6. When we performed simulation process
using MRF, the same initial surface shape is converged to
0.0645 um PVand 0.0013 pm RMS after 1618 min polishing
and the convergence efficiency is 99.5%. Although the

convergence efficiency of Lap-MRF is a little bit smaller than
that of MRF, the polishing time of Lap-MREF is shorter than
one third of the MRF polishing time.

6 Conclusion

To combine the advantages of CCOS and MREF, a kind of
novel Lap-MRF method has been proposed. For Lap-MRF,
the MR fluid in the polishing zones can be renewed continu-
ously to ensure the stability of the material removal efficiency
and a lap is used to improve the material removal rate largely.
Moreover, Lap-MRF uses flexible MR fluid as polishing pad
so as to match the surface well and the polishing pad executes
planetary motion to achieve high-quality process. The main
conclusions in this paper are as follows:

1. The magnetic induction intensity should be as strong as

possible in H-field zones and as weak as possible in L-
field zones to improve the performance of Lap-MRF.
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After simulation and optimization of the permanent mag-
net unit, the magnetic field intensity in H-field zones is up
to 0.35 T so that the MR fluid can form ribbon protrusions
to polish the workpiece, while the magnetic field intensity
in the L-field zones is under 0.08 T so that the MR fluid
can flow freely to achieve renewal.

The material removal rate of Lap-MRF is stable. Four
removal functions on K9 sample are taken. The relative
change rate of the volume removal rate is less than 5.5%
using Lap-MRF comparing to 10~20% using CCOS,
which makes Lap-MRF capable of surface figuring.
Smooth surface is obtained using Lap-MRF. For silicon
modification layer, the surface roughness is improved to
0.788 nm RMS from 1.610 nm RMS using Lap-MREF,
while it deteriorates to 2.051 nm RMS from 1.690 nm
RMS using MRF. There is not any deep pit and apparent
polishing ripple on the surface. As a result, smooth sur-
face can be obtained.

Lap-MREF is of better processing efficiency and conver-
gence. The volume removal rate for K9 is up to 0.76 mm®/
min using Lap-MRF comparing to 0.24 mm®/min using
MRF. When using MATLAB simulation process method,
the polishing time for a ®1000-mm mirror decreases to
501 min and the convergence efficiency is 97.2% using
Lap-MRF comparing to 1618 min and 99.5% using MRF.
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