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ABSTRACT: It is a titanium alloy magnetorheological polishing method that uses a Halbach magnetic field array to increase
the magnetic field. By changing the magnetic array to a circular Halbach magnetic field and rotating the liquid-carrier disk and
magnetic array in reverse, the polishing tool can have stronger resilience and self sharpening without changing the material or
number of magnets, thereby improving the magnetorheological polishing efficiency of titanium alloy. The work aims to study
the interactive impacts of process factors on Halbach array improved magnetorheological polishing and develop and optimize a
mathematical prediction model for shear force and surface roughness by response surface methods.

With size TC4 titanium alloy as the polishing specimen, the test specimen was firstly cross-polished with 10000 grit
sandpaper to remove the surface oxide layer. The test specimen was then placed in a sealed bag, the workpiece was soaked in
anhydrous ethanol and sealed and subject to 30 minutes of ultrasonic cleaning to eliminate surface contaminants. During the
experiment, an appropriate volume of magnetorheological fluid was introduced to the outside of the liquid-carrier disk. The
magnetorheological fluid adsorbed on the liquid-carrier disk in the presence of a magnetic field to produce a flexible polishing
tool. The liquid-carrier disk rotated at n. to force the abrasive particles on the surface of the polishing tool to polish the
workpiece. To generate a dynamic magnetic field, the Halbach array magnet rotated at a speed of n,, concentric and opposite to
the liquid-carrier disk. The shear force was measured with a force measuring device (Kistler 9139AA) and the effect of process
parameters on polishing force was examined. After the experiment, the workpiece was soaked in deionized water, sealed in a
bag, and subject to ultrasonic cleaning to eliminate any remaining pollutants on the surface. The polishing center with the best
polishing quality was selected as the sampling point, the surface morphology of the test specimen sampling point was observed
with a laser confocal microscope (OLYMPUS OLS4100), the surface roughness was measured by a roughness meter (Xi'an
Wilson DM120), the average of three data was staken as the sampling data, and the impact of process parameters on surface
quality and surface roughness was analyzed.

The response surface method was utilized successfully to optimize three process parameters: the rotational speed of the
liquid-carrier disk, the rotational speed of the magnet, and the machining spacing. A fitting equation mathematical prediction
model for shear force and surface roughness was constructed. In response surface interaction analysis, the order of effect of
process parameters on shear force was: the machining spacing, the rotational speed of the magnet speed and the rotational speed
of the liquid-carrier disk. The order of effect on surface roughness was: the rotational speed of the liquid-carrier disk, the
rotational speed of the magnet and the machining spacing. The combination of process parameters in the chosen range was
chosen based on various needs. When material needs to be removed fast, the following set of process parameters tended to cause
the shear force to go to its maximum: the rotational speed of the liquid-carrier disk was 227 r/min, the rotational speed of the
magnet was 64 r/min, and the machining spacing was 0.1 mm, and a clean surface with a surface roughness S, of 34.911 nm was
attained after 20 min of polishing and the shear force used to polish titanium alloy was 0.812 N. When the best possible surface
quality was needed, the following set of process parameters tended to cause the surface roughness to go to its minimum: the
rotational speed of the liquid-carrier disk was 300 r/min, the rotational speed of the magnet was 150 r/min, and the machining
spacing was 0.1 mm, and a clean surface with a surface roughness S, of 26.723 nm was attained after 20 min of polishing and
the shear force used to polish titanium alloy was 0.796 N.

Halbach array-enhanced magnetorheological polishing can provide a smooth titanium alloy surface with good surface
quality under the right process parameters. The primary factors enhancing the surface quality and polishing effectiveness of
titanium alloy magnetorheological polishing are the Halbach array and the polishing tool. The magnetic induction lines of the
Halbach array exhibit spatial variability and a high magnetic field intensity. More postural changes in the magnetic chain in the
magnetorheological fluid can result from the dynamic magnetic field produced by the polishing device's liquid-carrier disk and
reverse-rotating magnetic field array.

KEY WORDS: magnetorheological polishing; Halbach magnetic field array; titanium alloy; response surface; shear force;

surface roughness
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Tab.1 Factors and levels of response surface experiment

Factors

Level Rotating speed of Rotating speed  Processing

liquid-carrying disk of magnet pitch
n(A)/(rmin™)  nn(B)/(rmin”')  A(C)/mm

-1 100 50 0.10

0 200 150 0.30

300 250 0.50
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Tab.2 Composition of magnetor heological
fluid for experiment
wt.%

Carbonyl iron

powder Base liquid Abrasive grains Additives
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Tab.3 Design plan and results of response
surface experiment
Number Factors Results
A/(rmin™") B/(r'min”') C/mm x/N y/nm
1 100 50 0.3 046510 39
2 300 50 0.3 0.679 25 33
3 100 250 0.3 0.151 27 57
4 300 250 03 034194 39
5 100 150 0.1 043275 42
6 300 150 0.1 077980 26
7 100 150 0.5 0.13875 49
8 300 150 0.5 0.372 10 34
9 200 50 0.1 0.791 90 35
10 200 250 0.1 038750 41
11 200 50 0.5 033525 42
12 200 250 0.5 0.06717 60
13 200 150 0.3 042648 36
14 200 150 0.3 0.401 90 36
15 200 150 0.3 0.400 23 36
16 200 150 0.3 043178 36
17 200 150 0.3 042185 36




- 58 - * wm #H R 2024 42 A
2 gﬁ%&ﬁ*ﬁ- e T AR 0.5 mm 4b, Halbach FE3#5%%: LE N-S [E

G REAR ) B KRG 2% FE T EE W 65 mT Z2 Ay, e/ )M
2.1 ®WGHE W BERLEAL 30 mT ZA . nTRAFE Y, B I T A] A

Tl 37 560 B8 1) /IS B3 TR R T W0 1 o) 3 6 4 A0
or B 0 R T 37 3 RN A X BEORE B 20 5K F7 L R T R IE
Halbach P51 H 1458 N-S B0 A48 5 A4 B
£, i COMSOL k{4 %f Halbach [ 51 1 N-S [4: %]
WG PEAT 05 B, 3 3 0 Lok 3800 1 B A &L
P, DU T 5 SR Pk 75 31 10 25 B2 43 B 15 AN [ B A28 1)
Ak, DR E 5 AR R R . 2 g
RS B HEAR 7 X an & 4 B

oo ool
N
] »] [« ]
Vwee®  Qwgs®

a HalbachP45%1 b N-SF£%1
K 4 2 FMagiak s HEAR X

Fig.4 Two types of magnetic field array arrange
ment: a) Halbach array; ¢) N-S array

AR S BRI T/ R, pristit i & rh, mEek
W4 370 5 MO P14 380 455 [ I 1) e, 3R e — R
FER 1 mm MRG0T, SREEEE Z 8] (4 Rl B A
1 mm, T Z2ZH0h 00 Ty T4 5 20 4% 2 18]
BRI, AR B AT A0 A o PR R 4 R, o 1 ATl P
hn T lE] BE A BUE K 0.1, 0.3, 0.5 mm. B, 7F
5 Ead A, X B Rk AN R 2.1, 2.3, 2.5 mm 4b
AT DX IR A 7 30 4% B S 0 LT3, [l B 2R
B S pin. MBS i EL5 0T Hl, Halbach F551)
b N-S FE50 76 0 X R A 1 7 3 AR 90 A8 0 i i G
PRRE, ZEMNCIAIEE 0.1 mm &b, Halbach F44IREEk [t
N-S P45 Bl 2k 1) d5e K3 %35 BE A2 1R 55 mT 247, I

4K, Halbach P31 WK )RG35 v R FE 22 WA R AL T
N-S [31] Halbach WA 1) s 2k ) A 25 () v o B s B
YR BE , WG AR VR 2 3 B S 5 A R i AR AN, AT LA
ﬁ%%%%%ﬁﬁo

R TSR B AAA s, T HM100 4Fh T
XOPHU DX Sl 30 5 B A 0 o, I DX S8R/ N Ay 2 mmx
2 mm, REEEER— DA ERRS, ML
HE I T T AL R X I 4, BB G % FR )
A, BN BRTE 7 ) b ARG % R Ay 00 PRI,
R TR AT BB RSN AE A3 8] 407 ) b i oA,
el P AR B R X B 30 K TR 1) g 1 ) AR 1)
HEATIN B, 12 T 1) 1 3 % 0 KN B AT | D) )
sr SRm et EAE, wl (3) Pk,

|Bl=\B} +B] A3)

A B RGBSR | B I REE B R B,
B BAE yOz V-1 b LAk 0 S v B A% [ 43 il
Pl Ay, (7 A5 5 50 R4S BT e e 6
7R, LA SO 14 BT 7 — 3, 1 ELBCR LA B
T B T A

2.2 LR

KWER AW 3 mL . BERCRLAE 7 pm, 2K 85,
250 r/min. BEERFEHE 150 r/min., A0 T[EEE 0.3 mm
AR IR A5 1, X0 R T RLRE B8 59 nm (WK G 4 T
4T 30 min GG, AR S min X T E T —
Y3t o PGS )X 81 g g an i€l 7 s, wT LA
b, BY) I TE A B R EA RS E , AR
s [ XS > 3 2 %) 8 U] AR WA e B e R
(A4, FRADHURE B 2 T RS, R EE AR
-, E 2 R A - R R AIG, W] 8 TR o
EPOE 25 min J5, MR E LR RMME, Z/FH
X 2% T AEURE B N T O LTI S . TR
Ty AL S e R R B R AN 9 iR, 2 30 min

IR 38 % BEREEAIR 45 mT A2 A4y s B I T RIEEHE K, W, MREAR R, TR VDGR
a2 — Halbach array — Halbach array a2 Halsbach anay
— N-S array — N-S array N-§ array
3n/4 /4 /4 /4
Magnetic flux Magnetic flux Magnetic flux
density/mT den51ty/mT density/mT

n o [500 500 500
400 400 400
300 300 300
200 200 200

Sn/4 Tn/4 /4 /4

32 302 3n/2
a 0.1 mm b 0.3 mm ¢ 0.5mm

K 5

AN [ Jon T X 3 37 5

Fig.5 Simulation of magnetic flux density in different machining spacing regions



¥53% 3

BRI, G5 LT N D 4K G 4 Halbach 51 B8 3B AR MO T2 2804k +59 -

—=— Simulated halbach max - ~ Measured halbach max
—e— Simulated NS max ~ v Measured NS max
—=— Simulated halbach min -~ ~ Measured halbach min
—o— Simulated NS min - v Measured NS min

450

400

350

Magnetic flux density/mT

0 0.2 0.4 0.6
Machining spacing/mm

6 AL T I DX sl 37 0 AR5 52 Bl
Fig.6 Maximum and minimum magnetic flux density
of simulated and measured Halbach array and N-S
array in different machining spacing regions

0.50

045

o0l /\/\\/

035

Shear force/N

0.30

0 5 10 15 20 25 30
Polishing time/min

7 b ) 55 4 g 5 el
Fig.7 Effect of polishing time on shear force

§§.h§~L”m :
. 1.50 w0t
) 643 075
0 Y
321 0

321
luy 643 " x

1.50

075‘i &

a 5Smin

ey

d 20 min e 25 min

[=)
(=
T

Surface roughness/nm
w EN
S O
T

—_
W
T

0 5 10 15 20 25 30
Polishing time/min

P8 il D' Ak ) % T HEL R B2 )

Fig.8 Effect of polishing time on surface roughness

SEA P 8 R 9 W LIE W, TR0 3k 35 18 A 3%
AR MRS M, M ] Y R 2,
TATRELRE JEE B0 22 5 AR o 17 7 A A R A BT U4
43 e o A Ak A S 2 AR T A e T R, R v R R
AT BB WDCRIIEAT, FHERL LR E LT
I, PRI I R A e ) R A
2.3 N mEES
2.3.1 BEYIABMERBEFEST

Y1 ¢ BAUA TR T 25 T 4 AN SR 4 TR
— e it LA T R A TN AR AL PR A
IR B, P<0.1, BIBSAITE 90% i 2K
R, PN, RUIRIRE . A, b T
PRUE B TN A Y f A A B, 3 % L A2 R LI Y
P>0.05,

4 PR 2SS R, B A R
) AB T, AT, B*IS CPIf) PAEHART 0.1, X

15 um \ 1.5 um

643 0 75 643
321 '& 321
QQ 321 §
) 643" %
¢ 15 min

, 1.5 pm
DR 643
0
0 321 &
643" x Moy 643 " x
f 30 min

K9 ANTRI OGN T J5 7 5 45 W e 20 A4 LI 21 1) 2 T 1B 45

Fig.9 Surface morphology observed under a confocal microscope at 20x for different polishing time



60 %‘% E & 7K

2024 4E 2 A

x4 BUIAMESHFREAESN
Tab.4 Analysis of variance of the fitted
equation for shear force

Sum of Mean

G IR P Y/NT 0.1, 330 P 0.069 1, KT
0.5, 5 HH AR 4i 128 46 4% T A4 (%) 502 TOUml A5 780 1) g
PEARH I o T BRI [P SR R G AT A R AR 1, A

Source squares 9 square F P ?Mﬁﬁﬁﬁw@ﬁ%,?ﬁ%%ﬁfaﬁmﬁ%%
Model  0.6243 9 0.0694 8895  <0.000 1 ﬁRM‘ﬁ@m£%§?T‘ﬁﬁgﬂ(9”;ﬁ%
A 0.1213 1 01213 1556 <0.000 1 w(MQ)%EEﬁ%ﬁﬁﬁﬁOW£%§§j@%
A1, EEIREAL R R AT s RS IEMISE RAL Rag
B 0210 L0219 28083 00001 g A X R R Z 12 SN T 0.2, H R
C 02733 1 02733 3505  <0.000 1 /N, UL BB W) 45 FEE T 5 78 S R R<10%15
4B 0.000 1 100001 01768 0.6868 BIRROE M AT 5 tb>4, WG S e, BRI
AC 0.0032 1 0.0032 414  0.0812 P AT AE BE o 5 ) ) SO AR AL Y AT A BE S AT R 6
BC 00046 1 0.0046 596 0.044 7 i
A’ 0.000 8 1 00008  1.08 0.332 4 £6 YA GRS E S
B’ 0.001 9 1 0.0019 2.43 0.162 8 Tab.6 Reliability analysis of shear force prediction model
c? 23x107 1 2.3x107  0.0003 0.9867 Model R? Rij R}, Revi%  Rgwr
Residual  0.0055 7 0.0008 Initial  0.9913 0.9802 08806  6.76 32.7111
Lack of fit 0.0046 3 0.0015  7.34 0.042 Optimized 0.9870 09810 0.9491  6.61 43.1577
Pure error 0.000 8 4 0.0002
Cortotal 06297 16 AL G AR I R 8 R7=0.987 , i HH 1245 A0 n L, figt

ST R R B ) 7 e BRI A5 A T SR AR 5 o
AR, PRI TR ) A TR R,
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0.05, UiBHIZE = BB R ) T {5 BE AR 2 .
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A, BRSBTS « AT .

7 =0.683 770+0.001 658 x A —

0.002 166x B—0.895 533x C —
0.001 421x AxC +0.001 704x Bx C (4)

DAL 85 U1 16 5 B T 25 e e s R an ke 5
Fiimo S5, BPI BRI P<0.000 1, HBIE
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Tab.5 Analysis of variance of the optimized fitted
equation for shear force

Source sS(;lL?;rgi Fyr sl\(/lll.?:fe F P
Model 0.621 5 5 0.1243 166.49 <0.000 1
A 0.1213 1 0.1213 162.51 <0.000 1
B 0.219 1 02190 29333 <0.0001
C 0.273 3 1 02733 366.08 <0.000 1
AC 0.003 2 1 0.0032 4.33 0.061 6
BC 0.004 6 1 0.0046 6.22 0.029 8
Residual ~ 0.008 2 11 0.000 7
Lack of fit 0.007 4 0.001 1 5.02 0.069 1
Pure error  0.000 8 4 0.0002
Cor total  0.629 7 16
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Tab.7 Analysis of variance of the fitted equation
for surface roughness
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Tab.9 Reliability analysis of surface roughness
prediction model

Source Sum of Fy Mean F p
squares square
Model 114522 9 127.25 41.92 <0.000 1
A 378.12 1 378.12 124.56 <0.000 1
B 288 1 288 94.87 <0.000 1
C 210.13 1 210.13 69.22 <0.000 1
AB 36 1 36 11.86 0.010 8
AC 0.25 1 0.25 0.0824 0.7824
BC 36 1 36 11.86 0.010 8
A° 0.592'1 1 0.5921 0.195 0.672 1
B’ 171.12 1 171.12 56.37 0.000 1
c’ 19.01 1 19.01 6.26 0.040 8
Residual 21.25 7 3.04
Lack of fit  21.25 3 7.08
Pure error 0 4 0
Cortotal 1166.47 16
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Tab.8 Analysis of variance of the optimized fitted
equation for surface roughness

Source ssc;lligrgi Fye sl\cflfe??e F P
Model 114438 7 163.48 66.6 <0.000 1
A 378.12 1 378.12 154.04  <0.000 1
B 288 1 288 117.33  <0.000 1
C 210.13 1 210.13 85.6 <0.000 1
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BC 36 1 36 14.67 0.004 0
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Residual 22.09 1 2.45
Lack of fit  22.09 1 4.42
Pure error 0 9 0
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Fig.10 Response surface diagram of the effect of polishing process parameters on shear force: a) rotational speed
of the liquid-carrier disk and rotational speed of the magnet; b) rotational speed of the liquid-carrier disk and
machining spacing; c) rotational speed of the magnet and machining spacing
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