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Abstract

This study focuses on sapphire as the research material and uses the finite element analysis soft-
ware ABAQUS to simulate the scratching of sapphire by a single abrasive grain. Orthogonal experi-
ments were conducted varying abrasive grain shape, diameter, penetration depth, and speed, with
maximum residual stress and average residual stress on the processed surface as evaluation crite-
ria. Range analysis showed that abrasive grain shape has the greatest impact on surface residual
stress, followed by penetration depth, while penetration speed has the least effect. The optimal
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parameter combination is determined by triangular pyramidal grain shape, 1 pm diameter, 0.2 pm
penetration depth, and 30 m/s penetration speed.
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Figure 1. Abrasive particles with different geometric shapes
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Table 1. Factors and levels table

F= 1. BA&EKEE

SN A BERLEAR B &R E 4% (um) C VIR Z (um) D P NGE FE (mvs)
1 BRAY 1 0.1 10
2 [ HE T 2 0.2 20
K
3 =T 3 0.4 40
4 5 0.6 70
Table2. Sapphire single abrasive particle scratch simulation analysis plan
=2 BEARBENINBAESHAER
i B 5 A BERITEIR (um) B BEHi B2 (um) C VIR FE (um) D PN (m/s)
1 BRIE 1 0.1 10
2 BRIE 2 0.2 20
3 291 3 0.4 40
4 BRI 5 0.6 70
5 [ HE T 1 0.2 40
6 [53] T 2 0.1 70
7 [ E T 3 0.6 10
8 [ HE T 5 0.4 20
9 =33 1 0.4 70
10 =Y 2 0.6 40
11 ZARHEIY 3 0.1 20
12 —HHETY 5 0.2 10
13 BRI 1 0.6 20
14 B2 2 0.4 10
15 B 3 0.2 70
16 BRI 5 0.1 40

22. BRTFEERNEST

WEEAMEME N — PSR RE AR, 07 LI R FE A S R 5 A R 46 S ) SR AR, TR
AR AR T AR N AR 2 1) Johnson-Holmquist Ceramics (JH-2)#5Y[9]. W5 5 A A B TH-2 AR 28
(101415 3 Frone ASCHTIE B RN ENIA BRL, HPEHE W 4 Fis.

Table 3. JH-2 constitutive model parameters of sapphire
3. EEAK JH2 AMREISH

S 1B S 1B
p (kgm™3) 3980 HEL(GPa) 6.71
G (GPa) 155.5 PHEL (GPa) 3.51
A 0.93 B 1.0
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gk
B 0.31 DI 0.005
C 0.0 D2 1.0
M 0.60 K1 (GPa) 236.5
N 0.60 K2 (GPa) 0.0
e*0 (s ) 1.0 K3 (GPa) 0.0
T (MPa) 600 FS 2.0
FSMAX

Table 4. Material properties of diamond abrasive grains
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Figure 2. Simulation model of single abrasive scratching sapphire

E 2 BEHEREEEAHERE

FERAT S FARAF B E A, RS 30 7 AU U0 R R, AR rh i B A TR

DOI: 10.12677/m0s.2025.142162 412 A ()


https://doi.org/10.12677/mos.2025.142162

REAE

T e A E L, FH X BT A NPT 1, SRR AL I T SRAE BT 1) 2 B € B D) H T
B, IR Y B EVTHIREE, i TAL - B AL 5 08 50 A Ak X IO AR 2, 200 B PR e 5 5 1
MIFARAEAL, s R 2R B R AE LA DT T AT B i, W 3 B AR DN TRl R rp B R 5 3 54 T4
Z 18] B AH ELAT P S A S A AR IOAT AR, TR PR R BB 5 i S0 A2 I 1 EAR AR A
WA B R i  BEER N T A R R B, (BRI I AR, BERIRORT. S5 0I5 T ARE
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Figure 3. Load and boundary condition settings
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N MERRK, 2258 75.53 MPa. 64.67 MPa. 53.89 MPa, MMi{5EL 5. 2. 11 MR ATRAN E&/DN, 4>
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Figure 4. Orthogonal test simulation results of each model
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3.2. BESDHT

I AT S LA A R E 3 3~ 5 BRI ZE KT Z iR, IR 3 ATLUEH, & Rm R Fxt ik
FARMEFRARN AWK A > C>B>D, UHE RR T REFRRN AR mERELR, INE
FERZ, VINEFER /N W 6 )35 7 FTLAVE H, 3 AL B C. D X T ERIRAR NI RN 0.504,
TR AR F1 R2 4 0.930, BIEERZK Ay By C. D 0] DMFER i KR AN 7111 50.36%38 4k SR A,
FEES AT R IR Ay By C. D 3t 4 WA ST i KERR N S P2 27 R R, MHEE AL B,
C. D 1] MR IR AR N T 1) 93.03% 405 K o FRd i Al . 3 A L C X452 8 7772 A
BEMEZERKRA(p<0.05), HE B D HFASKHFRRAEN 4 2R KR,

Table 5. Range analysis
F= 5 MESHER

KF A BEREAR B BEhHA C VINIREE D VI N

1 20.34 18.59 19.56 2434

2 20.83 25.90 15.68 21.19

3 16.26 22.17 27.7 20.37

4 30.89 21.70 25,29 2243
Delta 14.63 7.34 12.02 3.98
ey 1 3 2 4

Table 6. Maximum residual stress variance analysis table

6. RABRRNNAEDR

PN df ¥o7 F p
A BERITEAR 499.001 2 249.501 0.642 0.565
B B H A% (um) 375.271 3 125.090 0.322 0.810
C VIR (um) 966.796 3 322.265 0.829 0.532
D YINIHEE (m/s) 130.429 2 65215 0.168 0.850
W7 1943.326 5 388.665
¥l 3914.823 15

FE: R2=0.504, *p<0.05, **p<0.01.

Table 7. Average residual stress variance analysis table

T CPRIRARNITT E o Hrak

SFJi df ¥1J5 F p
A BERIIR 76.838 2 38.149 15.639 0.007**
B &R H 12 (um) 29.757 3 9.919 4.038 0.084
C VINIREE (um) 48.713 3 16.238 6.610 0.034*
D Y N# B (m/s) 8.547 2 4273 1.740 0.267
B7E 12.283 5 2.457
S 176.138 15

¥E: R2=0.930, *p<0.05, **p<0.01,
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Figure 5. Effect curve

5. MRIEhZE

. 1 . 1 . 1 R 1 .
0.0 0.2 0.4 0.6 0.8 1.0

X (mm)

Figure 6. Residual stress curve of optimal combination
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