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Modeling Optimization and Uniformity of Cluster Magnetor heological
Polishing via Magnetic Trajectory Intensity in Machining Surface

YAN Qiu-sheng, LIANG Zhi-bin, PAN Ji-sheng

(School of Electromechanical Engineering, Guangdong University of Technology, Guangzhou 510006, China)

ABSTRACT: Cluster magnetorheological polishing is an efficient planar processing method, which can obtain nano-scale
ultra-smooth surface roughness in the polishing process of photovoltaic wafers. The movement mode of the workpiece and the
distribution characteristics of the spatial magnetic field have an important effect on the surface uniformity after polishing. The
work aims to explore the effects of motion process parameters and spatial magnetic field distribution characteristics on the
unevenness of roughness after processing in cluster magnetorheological polishing, and optimize the process parameters to
improve the uniformity of surface roughness after processing. A numerical model of the magnetic trajectory intensity including
the effective processing trajectory and magnetic trajectory features was proposed. On the basis of the numerical model, the
effects of the three motion parameters, namely the rotational speed ratio, the eccentric distance and the reciprocating oscillation,
on the two characteristics of the effective processing trajectory and the magnetic trajectory at different positions of the
workpiece were analyzed and the speed ratio values in different motion modes were optimized by the model. The polishing
experiments of silicon wafers were carried out on a cluster magnetorheological polishing device, and the surface roughness and
surface morphology of multiple positions after processing were detected by a white light interferometer, and the roughness
distribution was observed. Numerical analysis results showed that the irrational speed ratio could avoid the periodic fluctuation
characteristics of different circumferential positions, and choosing the appropriate speed ratio could reduce the difference in the
length of the trajectory at different radial positions and improve the uniformity of the trajectory characteristics. Under the
condition of irrational speed ratio, changing the eccentricity of the workpiece and increasing the reciprocating swing increased
the coverage of the effective processing trajectory, but increased the duty cycle, which resulted in a decrease in the length of the
trajectory and a decrease in processing efficiency. Changing the motion pattern of the eccentricity could change the distribution
of the magnetic field frequency on the trajectory. Under the condition of the eccentricity 115 mm, the average magnetic field
difference between different radial positions of the workpiece was reduced to 0.019 T. The experimental results showed that the
variation coefficient of the processed surface roughness under the optimized process parameters was reduced by an average of
37% compared with the control group. The unevenness after polishing in the control group was consistent with the radial
distribution law of the magnetic trajectory intensity in the numerical calculation results. At a small speed ratio, the center was
smooth and the edge was rough, and at a large speed ratio, the edge was smooth and the center was rough. Under the optimized
process conditions of eccentricity of 115 mm and rotational speed ratio of 223 : 60, the roughness variation coefficient of the
polished silicon wafer was at least 0.309, and the average roughness was Sa 4.19 nm. By comparing the experimental results
with the numerical simulation results, the numerical model of the magnetic trajectory intensity can effectively optimize the
process parameters of the cluster magnetorheological polishing, which is conducive to the matching of the processing trajectory
and the magnetic trajectory characteristics, and improves the unevenness of the workpiece after polishing. The method can
further provide guidance for the optimal design of the magnetic field generating device and the structure dimension of the
motion part of the cluster magnetorheological polishing device.

KEY WORDS: magnetorheological polishing; numerical analysis; magnetic trajectory; roughness; evenness

B SRR MRS R, it R EAA AR KRIERIRE AT SRR R AR
REJEE | SR MY 38 1453 1 A5 H AR SR o A ey POEAES, M TSR AR ARG, By
WET AL E R — R Tyl RO T, B8 RN T2 Ta 5 Rk i A8 e A o A fuh T AR, S
UEEARATAHOR SR ORDRE A R I BAT B eR L 8 T s i 1.

R BIPEH, B Z 0 T2 SR &R FDLek H TR 25 8] o A (AN 201, 22l A2 G
TR TS i, BT REARUEIOCIRILR R TR 4 BURLRE A A R A g oy
JEH T 2R TIOLI T 8 T 2050k, il mg 7 Se Bl T DR B Y — Bk, LA TR £



Es1E 12

IR, S SERERE T I 0 I 13 TR 0 30 i o LA A K o T 8% SR 5 - 245 -

A Az sh 2 BN LR 5 A o ZE ISV Vi 5 T 3
T T A48 3138 B %t A MO TP 3R R A s, &5
BRB, SRS IT16  x—x W, 24065 TR
S4B ) B e (S B IR A9 25 {H PV ( Peak Value ) #¢
AN, TR, Luo 263y T AW R BETR
A5 ) R SRR, S T TR BRSSO
T A4 BRI OBAFAE RS . ARSI T 2
O R E A3 45 2 iz 37 LS 8 ) v i 5
My, 25 FRH, SR BRI Jo PR o Le A 2 1
YIS Rt . 55— 7, WG K A R AT T SRR AL
Rt , WO TR R RS A A ) R Y A A R 2 B
%, ST INT A AP . Nie IR T 24 RIAE
Tl A 27 R 2 B A A A A B, S5R R, SRAS
I 38 SCHES RO St AT RE TR AR N T, TR i Y
VA BERCR AT, TR T 2 R R AR B AR
BEBE R BOEA R AR 5 I I 2V H Rl b
ST T B AU TR TEAG AL B, 205 A6 B 13
BRE Y Sl 200 mT J8/NE 80 mT, JHIZEZE4G 847
T H RGN R A 2 B W RUE RS W . e e 35 R
WG BB H AW, FRIERE 7 BA BRI A 3l e IX
SRR, [ S AL T R R RN I IR Y R, IR
BT 5 T2 8, 2 W R 3 e A 2 B P
VED

43 SVBIF 9 T 3 A8 4 5632 B 2 Bl il 3 43 A LA S
B T 5 RO E A BR A, e S 25 A SR TR
Ui AAE S AR I Tk BN T 3R T I 3h B 5 5 0 A
SR ESASAARAE , R R R AR T e A B
T 30 78 - AR N T3 R 1) 2 T LR B AN X8 50 ]
TS B T U AR 6 2 s Bl JE RN B AS R
YA A, ST R SR PSR | R KL
(B0 ECREADL 4 7 5 0F 58 32 3h 2 800 38 3l ARG 3 R fiF
MRS , IR A R R B A T 25
B, Bon R FARALE) T 228X e se s,
T RS

Operating
fluid

Polishing
disk

1 EE#REFELMNT

1.1 MIRIE

B S Wk S B ARG 7 SR I TR R R N
K1 s, R 1 A2 BIAE I K B AR S5 AR FE G 2
i, IRV O IR Sh GRS 3, sty . 4l
S AR R BORL I R 1 20 BT RETEBE S, 29
FUERE, MR A R A IO RO Sk, LR T REIR
ARG o FEA L [ 35 IR AR AL 20 A 7R R SR RO
b ShASHES HE T 2 A REVEBE AR R ek A
DAGERFILOCH AT P, PREFIE AR E 9N T BRiE
T eSS RESSERE RO A 3R T R e,
TR -G AR R —RE B TRI L, #E R AL E R
SR TR A ik 1) S MBS YT g, e g
JERLAS I TS T AR AT SRR RO 25 R, T RASE B
THT RS 2P AR I T

T S R A 30 2 1 2 T T ) A A e B
o L SR AR A A T ) 9 7 U Sk B T B
B, AR AE 2 S Sk 1) B9 25 B DX IR A 7 JE A i T
BB o TR, VAL U Sk b AN TR (o7 B ) Rl 2 2
AR, Y TSR DS BUE R BRI, R L EREE
JIHESR TR B R o5 23 e IG5 55 AL S A1 5
ST, TR RO B S T RLRE BE AR 25 5

1.2 #ITEERE

T WG T A N T S g i L RIVE A
BT EX TR0 E sh Pk 47 A ADE
B0 O WAL KRR R, LTAREBL O 85k
ARAR FR , SERERG A IR I TR T AR £z sh B AL
Bl 2 . Hrp, TASS5OCEERC O ZE R
BRI e, WCEIEHEN 0., THEEHEN o).
MR E TS, TAMXHE R A T, £
SR N [~d,+d], BTS00, Z B EE 1R
i B

Tool holder
Workpiece
MR-pad
Permanent |
magnet
Eccentric
disc
Eccentric

a YR ER TR

spindle

b EEE

1 S SRS RGP A T 5050k
Fig.1 Dynamic magnetic cluster magnetorheological polishing device: a) schematic diagram of
polishing device; b) polishing device



* 246 - EN TR NN

2022 4F 12 A

2 BRI AP AR I TR TR 3 T 32 B A R

Fig.2 Plane motion model of workpiece in cluster magnetorheological flattening processing
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