LASER TECHNOLOGY

a8 Fo
2024 4E 11

Vol. 48 ,No. 6

NEHS: 1001-3806(2024)06-0913-09

T CBDC AL BFHWB /K TV ERENTZ

B E7R O BERLE B EFE AFET
(1 Bbhol PRI A BUAL TR | P38 30 5 et i BR T S35, bk 541004, of1 il 2. By TRk
Koo T TR A, BEAR 541004, IR)

WE: T XHESRBIK T N #E L2 sl i g A, 2 dr 2 (b A3 sh 1254 (CBDC) X T2 %40
FRIRE ) , R PR 05 B0 AT | 1E 2SI B0 A e sl 34 0 1 054 T BES 0 i A SE8 300E , 15 81 Tl Hi Bk FROEDI s T2
PP SEL, FEIGUE T CBDC 2 mb)# T2 BN K . 45 R FE0, B 25 b MO A 0 T PU R B8 n, Y% IR
R R AVR R B 1 0 5 B 2 DA TR T b 388, 25 Ak A A Bk sl v o X 0 P 38 77 A 1) S 007 T R M = DR P, =65 W,
IKZEREE b, =1 mm OGP OPAREE £, =20 kHz BOGHHTEZE v = 1 mm/s B, 7] DUIRAR e RIRTE L2 1. 71, 1 58240
99. 88 um, fEIRZ K 170. 18 pm , BEZ M X K /ML K 31,71 wm RIS BEZ) Ky 33. 42 wm, M 23 A0S0 B I 84 (20
100ps ~ 160ps) o WS AT N ZREFK T EOEE &I L L ESEMMILIR LS % |

FEA . HOCEA AR K R EOEIE SR T

hE 4 S, TN249; TH162 CHERARERD: A doi ; 10. 7510/jgjs. issn. 1001-3806. 2024. 06. 018

Optimization of ultrasonic-assisted underwater laser cutting monocrystalline
silicon process based on CBDC
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Abstract: In order to rapidly optimize the ultrasonic-assisted underwater nanosecond laser cutting process, the impact of
cavitation bubble dynamics characteristics ( CBDC) on the process outcomes was analyzed. And theoretical analysis and
experimental validation were carried out using numerical simulation analysis, orthogonal experiments, and high-speed imaging
methods. Optimal parameters for the ultrasonic-assisted underwater laser cutting process were obtained, and the CBDC was
confirmed to be the primary factor affecting the cutting process. The results showe that as the interference of cavitation bubbles
with the laser beam increases, the cutting depth decreases while the cutting speed increases. As the depth-to-width ratio of the
groove increases, the pulsating shock from cavitation bubbles exerte greater equivalent stress on the groove bottom. The maximum
depth-to-width ratio of approximately is 1.71 achieved when ultrasonic power P, =65 W, water layer thickness A, =1 mm, laser
pulse frequency f, =20 kHz, and laser scanning speed » =1 mm/s, respectively. Under these conditions, the groove width is
approximately 99. 88 pm, the groove depth is approximately 170. 18 pm, the size of the heat-affected zone is approximately
31.71 wm, and the microcrack length is approximately 33. 42 pum. At this time, the cavitation bubble cycle is shorter
(approximately 100 s ~ 160 ps). This research can provide valuable insights for optimizing the parameters of multi-field
underwater laser composite processing.
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Fig. 1 Main effects of cavitation bubbles on processing
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Fig.4  Groove depth obtained by the second laser pulse under different cavi-
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Table 1 Table of orthogonal experiments
A B c D

factors  yltrasonic water layer laser pulse laser scanning

power/W  thickness/mm  frequency/kHz speed/(m-s~!)
level 1 65 1 20 0.001
level 2 130 1.5 30 0.003
level 3 195 2 40 0. 004
level 4 260 2.5 50 0.006
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Table 2 Experimental results of the orthogonal experiments

number A B c D empty groove width/pm groove depth/pum HAZ/pm depth-to-width ratio crack length/pm
1 1 1 1 1 1 96. 026 212.032 38.176 2.208 28.526
2 1 2 2 2 2 82.127 72.155 48.78 0.879 21.073
3 1 3 3 3 3 89.525 56.392 35.375 0.630 0
4 1 4 4 4 4 71.650 56.742 31.303 0.792 0
5 2 1 2 3 4 66.476 54.117 33.974 0.814 0
6 2 2 1 4 3 85.510 60.001 37.053 0.702 0
7 2 3 4 1 2 100. 617 124.584 32.849 1.238 0
8 2 4 3 2 1 57.657 51.502 30.178 0.893 0
9 3 1 3 4 2 55.419 41.648 37.556 0.752 0
10 3 2 4 3 1 73.352 42.784 30.213 0.583 0
11 3 3 1 2 4 106. 535 98.611 55.586 0.522 0
12 3 4 2 1 3 95.933 135.848 28.656 1.416 18.252
13 4 1 4 2 3 64.797 42.157 29.365 0.651 0
14 4 2 3 1 4 99.635 186.205 32.584 1.869 22.330
15 4 3 2 4 1 74.921 53.439 48.267 0.644 0
16 4 4 1 3 2 94.387 84.212 52.316 0.892 24.039
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Table 3 Analysis of variance of the groove width and depth

groove width

groove depth

factors Fo.or Fo.05 Fos
S f F S f F
A 121.206 3 0.474 1712.075 3 1.174 29.5 9.28 5.39
B 1044.768 3 4.084 173.080 3 0.119 29.5 9.28 5.39
C 1002. 498 3 3.919 4801. 150 3 3.292 29.5 9.28 5.39
D 1516.218 3 5.927 33538.745 3 22.99 29.5 9.28 5.39
error 255.800 3 — 1458.269 3 — 29.5 9.28 5.39
Fa POZmIX RTE IR BE Y 5 2 53 A
Table 4 ANOVA of the HAZ, depth-to-width ratio and crack length
HAZ depth-to-width ratio crack length
factors Fo. o Fo. 05 Fo
S f F S f F S f F
A 106. 833 3 0.494  0.212 3 1.843  420.132 3 4.01 29.5 9.28 5.39
B 166.107 3 0.768  0.262 3 2.278 306.132 3 2.922 29.5 9.28 5.39
C 521.217 3 2.402  0.166 3 1.443  386.653 3 3.691 29.5 9.28 5.39
D 131.934 3 0.610  2.726 3 23.704 634.077 3 6.053 29.5 9.28 5.39
error 216.299 3 — 0.115 3 — 104.759 3 — 29.5 9.28 5.39
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Fig. 10  Microstructure of the groove surface after single-factor optimization
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