| 485 F 14 H1/2021 £ 7 B/hE it

R R IO R RN 1 BRI A BB B R 5

Y2 1,2
X507,

A

BT R bR i A R OE TR TS BE . b AT 1001245
PAb R Tl R 2 o RUBE O R A i R A R R SR =, Jb e 100124

FEE D2l R AR Sl Rk T A A T B R A IR, 48t — i e T Bézier il 1T 43 FI VR 10 G B EE S R AMETT
W, WG SF BT R R R L B AR X TNSS 4 B B B ot 20 ol R B RN B BE 04 R ), i E R L S 80 R A
1064 nm P K 1 2 OB ES DL 48 o-y FIIREE A TNSS &) B E R b 52 i T HLBEE Ra 2920 65 nm RN
GEDpm. w2 4.5 mm § 12 55 8 5370 SR 58 M RES) i 1 Jm L AF [/ F 10 min, Jr4@ 5 25080 706 —
A % B8 0T T T SR T 220 T T 1) o AR N T SHE BURS E AkR  BLAT BL A T AR A L 0 A R R I S

XKEEWR  BYPOLE; MR T BRI WREERE; HOb; B ESR

FESFES TN249 XHfARER A

1 g =

2 i TE R B AT e Sk R B R A
MR TP HOR BB ) R A O R SR L
TN Tt TR S8 BR T 23 A5 B9 B R D (44 1) pm B9 R
IR U A Ry 227, WENE A T A 2 0 B i
ity A IO [T T T AT 52 Y R o R R AT 4 (55
FAURERE) . iR A O H O TNSS < ) 8g L IR R
PR B o < B RE 07 T A T s LT AT TR
R 1T 192 5608 1o A 7 0 B O R R 1 [
L PR RS I T R PR . A SCHR AR E R
T2 0 J7 vk 38 A RS R T T S B TNSS Bk
TET #45 Ji) B A I T, RN T O R B R
1o SR RICRAR T T B 2R W AR I T I T
RF 1.5 b I H P o K5 R T2 TA B Bt 77
TETRIAES o O n T B AR R S TR HE A I T
ST B ELAE 1% 1 3138 88 1% G5 T 1 9 Jn TR EL
UTAF K Bl FORE (P BE Y32 20 52 T O =4 n T

FoAR W Sk AT SRR RO I TR R W
Fy TR 220 ol o A AR R ik e X

TR IEAT = Y A, 15 3 = 2 25 0 52 2% 4 it T 2

doi: 10.3788/CJL202148.1402016

B, T g AR b T S R R O A S A SR
B AN X B R T Y7 R R R
RAEE G/ i R R T = R B0
IMTRGE W TARERE . TR G0 TAEERE,
A BFFEN B R DL ZE R 23R A Sk sl ot 22 oy
Be AE—E R LR T T AR % 25 8] 3 FE AR i,
H1 T D1 ZE IR Ol o Bk B 22 14 55 9 X RE R A R 1 R
M), 58 B R B FIURG 32 2 5K v 1) BR 1T MR A I T AE A
BRSO R R A B Sl B HLR HT
D pe s ) = 28 o T ] R B % B R AR il
7R R THT 5 A W AR A 0 T ), A A T A o AR
IR Z AR AN RS N T T AR A T
MERE R, 5 BB IO HAE 2 ik EL A R S
TN85 24 Ja Wi % A Rk I A3 A0 3, &1 X 32 2 b4 il
T B4 0 T, AR T 0O 20 i 2 8 %, T E SR
S BT SRIN TE  SEE  SEBOE EORG | m th T
T,

A8 S — L T Bezier il 43 E10E 1Y G BE
R R AME T P T AR A S AR RN B R L BE
i 5 RN [, T 5 0 T B A RO n R B A
Pl L bl B 18] A5, L TINS5 S ifd A4 RH Ak 30 %1

B HEI: 2020-10-26; {EE B HI: 2020-12-26; REAAHI: 2021-01-27
EE£WH: BEXRAKRF ¥ S (51975017), b 507 # % B8 3F ®) (KZ202110005012), 2018 [H K & 55 0F & 1T X

(2018YFB1107500)
BEE1EE : nclgi@bjut. edu. cn

1402016-1



F48%E F 14 81/2021 £ 7 A/HEHE

0 T2 280, 4R U5 % il T 55 A W A E 4T 452
T AT TS AR R E R BRI TS A L R i T
T BB E A HE A TR0 43 B O BE S R 22 N 6. 65 B
REIT 1,55, 5B TIREE A (4+ 1) pm 1 %5 £ 12iE
A R B HOG RS I T TR 5k R AL, G
T £ NI R MRS B A% BT R TRk AR
PB4 & SRR 5

2 SEYRBEE SR AR

SR E AL O A R -y TR A
EETE TG WE 1R, MW EEEN
1064 nm Y 72 #0528 (PX400, 1% [F Edgewave 2
ALK SEH 10 ps OGR BTi M* 24 1. 2, Ot & 20
HN 100 kHz~2 MHz, fig K P15 0] 58 100 W,
P B e A R 0] 3K 5000 mm/s, 8 3 PR B Y
YR REE R ERA N 20 pm KR EICHE; K
DG A RS AT ARG A BT AR A R BOL R
PR 2 OEE BENT 2oy J5 1) B8 Bl 5 i i L Bl 7
BV, TAEG = B DR B I8 9 5 38 2 =0RS B2 f L
AT 58 BRI A B e 5

JiF A RE S TN8S 4 Jm B %, H 32 2 5 43
F 1R AR —Fh TIC R4 )8 W&, IR A W%
AR B R BE 2 L SCRAT 6 SR A R SR B

(@)

galvanometer laser

l spiral groove

high precision motor

Bl i Bl PO i T e Al 45 4 7R 2 R
Fig. 1 Schematic of spiral groove structure machined by
ultrafast laser with two dimensional galvanometer
F 1 TNS5 43 b % 11 2B il 43
Table 1 Composition of TN85 cermet

TN85 composition Content
TiC 60 %
wC 15%
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Mo 4%
w 3%
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Fig. 2 TNB85 cermet. (a) TN85 blank; (b) TN85 spiral groove to be machined; (c¢) spiral characteristic
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Fig. 3 Influence of laser processing parameters on the etching law of cermet. (a) Relationship between etching depth,

width, and laser power; (b) relationship between etching depth, width, and laser scanning speed
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Fig. 5 Path extraction of spiral groove laser processing. (a) spiral groove machining model; (b) spiral groove profile;

(c) spiral groove machining path filling
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Fig. 6 Machining roughness of cermet spiral groove. (a) Top part of spiral groove; (b) middle of spiral groove;

(¢) bottom part of spiral groove

6.02 i, VREEASHY , LR H (4oE 1) o 9208 A 20 o 50— ——
JE 5 AN [R) DX 3 220l T KL P AR A A K 25 7 MR —a—width |40
Ra 4390 1. 93 pm,2. 04 pm.1. 64 pm, HFEELHIZE 45r .k .
e S O R BR T4 A0 R 10 1 T K £ 7 g
S0 B o T TSR P 4R T vk R L g g4 2 {m £
Sy (00T AR5 RO 22 © Ll |, g
A Y S JCHE PRI FE S G 2 b T AR R T, SR/ 5 7
—2.15~2.15 mm Z A EZ AW, KRR 3.0 - ' ' 20
A 20 T2 % 50 B 4E TNSS % J P %8 19 F 1 26 P S
3 s PRI B A B0 TR B RN N B BE Y 5 0 L S g BT B TR TR SR AR R
gERWME 7 R Fig. 7 Relationship between depth, width, and

defocusing amount

1402016-4



F48%E F 14 81/2021 £ 7 A/HEHE

TNS85 4 J@ B % 10 &8 40 2% h 1 45 2R & 9,
—2.15~2.15 mm 155 £ 530 Bl P . 20l 9 B A 4k
BET T T3 ' 220 ol 8 A A R A RS AR o S T 2 ok
JEAT AT DU 7 78 (4 1) o B2UE A 200 (ol 7% 85 9 ]
o H T REAE I T AR B S R N 20 pm T
WO TE AR B A5 5 1 S BR 20l B8 B R TR) DA Ok A 40
HEAR R JEBE ORI, & 8 A BREAE I TR [ 47
BAEHMES R, ESRNREAN

W,
Zr — A
2\ 5
w. =, (14+5)
K . (D)
2 A
Tw,  arccos _d w —(5)
180 2
R: 2
Tw

Ko, HREOCHEAAR =z HE AR AR
WK 0. ABE A HDOEREFEIE R AESER, X
PR 0 07 3 R A il i A% 58 R A Tk R A Y 4R

etching
scanning | width
distance =

overlap rate

P8 BT A RO i TS TR) A Ak ol B0 i A o4 1) s R
Fig. 8 Schematic of spot overlap ratio of different

positions in spiral groove laser processing

JHE Al TR FE FURLRES FE AN 1 27 HLIR B2 T ik i 2 3h e X
f?%g‘(élil)ym B ER

Béier M T A AT 23 04 AT i e a2 A 85 00 4 A8
S R S, LT Beier ARG R P 2 — Fb
JCHEE & A B AME R N T 07 . B JE XS Bezier
i AT 3 . A3k E O T R A
JUAE T AR S — ) R 2 R B R 22 T Y
R AT 2 B IR ok B B AR 45 28 AR O A A
T H ok R = AR ROA AT = R R 4, BASE
N AT = AR A% T AR 4 B, B e R AR
BT . SR 5 R FH 48 FE IR 58 i T B A%, B 26 58 LAY
A Tl B SR 1 A A IR ERE O E R 20, T
TR B ' B S A T AMEE B 0 T R B AR A ) 43 i
T () H o 8 BE A 3 AT LD IE i T 23 50 S 0 A S I8
DG R 17 ] BE A% 3 RL DR 15 A 28 (55 00 i BT Y
LR 2R — 2O, DT 58 R B A il T g B R
T HE MR AR T O Y 5% 1 07 ) £ 4R AR B 1
TEN o B o o 280 RO RS BE S B A4 4 R i
AR TERE SRS N L BRI A 2.y 2 AR IE R
3L Solidworks {4 #2 B, iy T MR BEHE 20y, 2 15
BAEBB & 9 iR, EXRH 2.y, 2 ARl
SR P T TR R A7 500 43 BF - SH il T 2 7 A S BILARL ) 4
BERZIG . G IX RGO oy 2 AR R
Ko BARFR L H A o ARERIME N ZEL T 1,0 A
TR A 2628 7 ) o W a0 7 [) 6 I AT E AT PR R
A3 WIAR T S T B R OSBRI ALE . E TR
Tk o A B T B w0 B
ARG UL w v ZHCH 3 SR T A9 B e,
PAIC 5% 2 e A s R LRI B

454 Bezier WY 1 TH 43 13k Al DS R 5 )Y
TS (AR o A X AR T SR AT w s o ] AR AR
il 73

o

[SEERIREEIE SoliaWorkiBEEE.sldcr|
=) X ) z| A
1 5.82mm -1.34mm -0.55mm
2 5.82mm -1.33mm -0.54mm
3 5.83mm -1.32mm -0.54mm
4 5.83mm -1.31Tmm -0.54mm
S 5.83mm -1.3mm -0.53mm
6 5.84mm -1.29mm -0.53mm
7 5.84mm -1.28mm -0.52mm
8 5.84mm -1.27mm -0.52mm
9 5.84mm -1.26mm -0.51Tmm | v |

9 TR ER CE M ) B 4R HUASE B

Fig. 9 Information extraction module of surface spiral groove
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Fig. 10 Sketch map of spiral groove surface segmentation
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Fig. 13 Machining roughness of cermet spiral groove after surface division. (a) Top part of spiral groove; (b) middle
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High-Precision Machining of Spherical Equiangular Spiral Groove Using
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Abstract

Objective The dynamic pressure air bearing has the characteristics of complex structure and demands of high
manufacturing accuracy. To improve the bearing capacity, it is necessary to machine a series of equiangular spiral
grooves with depths of (4 £ 1) pm and a helix angle of 22° around the spherical surface on the hemispherical bearing.
At present, ion-etching methods are employed to realize such processing but must through high-precision mask, as
well as with high environmental requirements, complex processes, and low efficiency. Processing of high-precision
mask has its own challenges. Laser processing technology is an effective supply of maskless processing. The
cooperation of a laser beam and a five-axis linkage computer numerical control machine tool can solve a three-
dimensional space processing problem but with complex processes and high cost. For a normal laser processing
system using a common two-dimensional (2D) galvanometer, the key point is to seek a breakthrough in the
processing track to achieve high-precision machining of curved surfaces with great curvature variation, such as the
grooving of the dynamic pressure air bearing. In this study, we present a processing method of an equiangular spiral
groove on a spherical surface by picosecond laser using a 2D galvanometer. The basic strategy and findings of this
study may be helpful for high-precision grooving of parts with curved surfaces by just using a common 2D
galvanometer ultrafast laser system.

Methods A 1064-nm wavelength picosecond ( ps) laser processing system equipped with a 2D scanning
galvanometer was employed to process equiangular spiral grooves on the curve surface of TN85 cermet spherical
parts. The etching size and roughness were measured by a laser confocal microscope and a profiler. By the
experiments of ps laser etching of the flat surface of the cermet parts, the process parameters that can meet the
depth requirements with (4 £ 1) pm microgroove were determined. Then, based on the process parameters, the
TN85 cermet spherical surface was etched with equiangular spiral grooves via the laser projection milling method.
Uneven etching depths and roughness on spherical surfaces by the method were found and analyzed. Based on this,
the spiral groove was divided by Bézier surface segmentation. Next, a processing method for compensating spot
overlap rate is proposed. The curved surface spiral groove laser high finishing is realized. Finally, the single spiral
groove processing technology is applied to the spiral groove array processing.

Results and Discussions The process parameters of 1064-nm picosecond laser ablation depth with (4 £1) pm for
TN85 cermet flat parts were explored. The relationship between laser power and scanning speed and etching depth
and width was studied. The laser etching width was similar to the laser spot diameter and remained basically
unchanged with power changes. The laser etching depth increased with power, showing an approximately linear
relationship (Fig. 3). The processing results showed that the picosecond laser could obtain regular grooves on the
surface of the flat TN85 cermet. Groove etching experiments showed that the picosecond laser could obtain high-
precision grooves on the surface of the planar TN85 cermet (Fig. 4). The projection milling method was used to
process spherical spiral grooves. However, owing to the different overlap rates of the adjacent paths, the roughness
of the grooves in different areas of the spherical surface was quite different (Fig. 6). Extracting the information in
spiral grooves % and v, using Bézier's surface segmentation method and the binary space division algorithm of the
surface normal vector direction cone to divide the spiral grooves, a surface spiral groove processing method with
mutual compensation of the spot overlap ratio was proposed (Fig. 11). The laser processing of the equiangular spiral
groove using the 2D galvanometer curved surface was realized. The well-controlled groove depth at (4 £ 1) pm
(Fig. 12) with uniform roughness (Fig. 13) of the processed spiral groove was obtained by the method. The laser
process method of a single spiral groove was successfully applied to the 12 series spiral groove array processing on the
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spherical surface (Fig. 14).

Conclusions Based on the Bézier surface and binary space partition segmentation methods, an equiangular spiral
groove is split. Then, the laser incident angle meets the requirements of the maximum allowable change of
processing precision. The curved equiangular spiral groove processing via picosecond laser using a two-dimensional
galvanometer is achieved. The problem of the vector direction of the incident laser beam constantly changing in
curved surface processing by picosecond using the two-dimensional galvanometer was solved. Based on this method,
12 equiangular spiral grooves on the TN85 spherical cermet surface are processed via laser. The depth of the
processed spiral grooves is well controlled at (4 £ 1) pm; the surface roughness Ra is ~ 65 nm and is uniform
everywhere. The advantage of this processing method is that the design requirements of complex trajectories for
curved surface machining are reduced, and the height of the laser focal plane and normal vector direction do not need

to be adjusted in real time.
Key words ultrafast optics; material processing; spherical surface; spiral groove; laser; spot overlap rate
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