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ABSTRACT: The work aims to improve the processing ability of the micro-abrasive water jet on hard and brittle materials, and
improve the morphology and quality of the machined surface. Ultrasonic vibration was introduced to vibrate the workpiece
vibrate at a small amplitude and given ultrasonic frequency perpendicularly to the target surface. The in-house developed
ultrasonic-assisted micro-abrasive water jet processing device was used to carry out the micro-hole erosion processing
experiment on the K9 glass, and the related experiments without ultrasonic vibration were also used to be as the comparisons.

The 3D microscope was used to observe the micro-holes machined under various experimental conditions, in which the cross-
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sectional profiles of micro-holes were measured, and then the effect of ultrasonic vibration on the profiles and morphology of

micro-holes were studied. It is found that the depth and top diameter of the micro-holes were positively correlated with the jet

pressure and processing time. The introduction of ultrasonic vibration significantly increased the depth of the micro-holes, with

the maximum increase in depth to about 54.6%, but the top diameter of micro-holes was slightly reduced, with the maximum

decrease of 8.2%, and the overall material removal rate was increased. It is because that the ductile erosion dominated the material

removal process, as a result, the cross section of the micro-holes was a typical “W” shape. However, with the ultrasonic vibration

the “W”-shaped cross-sectional profile had been improved, where the material of the protruding part of the center of the micro-

hole had been more removed, and the flatness of the bottom surface has been improved as well. Thus, the ultrasonic vibration,

indeed, enhances the erosion performance of micro-abrasive water jet on K9 glass, the ultrasonic-assisted micro- abrasive water jet

processing technology can realize high-quality and high-efficiency processing of hard and brittle materials such as K9 glass.

KEY WORDS: micro-abrasive water jet; ultrasonic vibration; erosion; K9 glass; micro-hole morphology; flatness of bottom surface
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Fig.1 Schematic diagram of ultrasonic-assisted micro-abrasive
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Tab.1 Material parameters of K9 glass in the experiment

Density Young’s modulus Hardness Fracture toughness

/(kg'm™) /GPa /GPa /(MPa-m"?)
2520 82 7.7 0.82
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Tab.2 Experimental variables and processing parameters

Variables Levels
Particle concentration (mass) 2%
Standoff distance 2 mm
Nozzle diameter 0.125 mm
Jet impingement angle 90°
Ultrasonic vibration frequency 20 kHz
Ultrasonic vibration amplitude 10 um
Average Al,O3 particle diameter 5 um
Jet pressure 4,6,8 MPa
Processing time 20, 40, 60 s
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Fig.4 Micro-hole morphology: a) without ultrasonic vibration, P=4 MPa; b) with ultrasonic vibration, P=4 MPa; c) without
ultrasonic vibration, P=6 MPa; d) with ultrasonic vibration, P=6 MPa; e) without ultrasonic vibration, P=8 MPa; f) with

ultrasonic vibration, P=8 MPa
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Fig.6 Main measurement dimensions of the micro-hole
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Fig.7 Comparison of the hole depth

3.3 WMILMEAER

P 8 Kl 745 SEB A5 T AL TR AR B KD,
PAAL A THUES BLARTEAR R RE BE b e 1 3L FLAR Y R
N MNP 8 T UK B, AL TR BLAR B R/ B
Fe T3 BEIEARSG o B o T v A 3R I 2 1 v 50
568 55 0 SFLFLAR B R/INE AR KB RZ T, S O s )
K, BRI A PR, R S U R T
OTH] . AP B RE AR, TR 9E T FLAE

FCFL 00 B AR 9 /N5 T [ 22 E A G 32 A
SR B[R] A HERE | 2850 I Sl D AR A 1) s U LA
BE/IN B A BE et T T 7 A 0 S o e VR O 17 2R
R, AL I FLAR A LA .

XTECIE 8 i [R] AF S 00 45 14 T A7 JC 8 7 ik sl I L
LTS AR B KN, ATRLEBL, BRI B 5 A T2
TIAL TR B AR A P/ o TEAS LT, Y
F1°8 6 MPa, HIT.BFIA] Ky 60 s B, To0E B A2 k)N R
K, B 415.69 um JE/NE 381.48 um, FEIRA 8.2%.



Fs50% 1M TRAREE 75 B 2 R K S O i K9 B 3 1 S IR 5T - 351 -

400 420 480

5380_ 5400- / \%450

a2} 8 2}

Q Q . Q

g g 380F T g 420

5 360} 3 3

2 2 360} 390

[} 5} o [}

e 340F * - - .’

E‘ —=— Without ultrasonic vibration E‘ 340 —=— Without ultrasonic vibration § 360 —=— Without ultrasonic vibration

--e-- With ultrasonic vibration --»-- With ultrasonic vibration --»- With ultrasonic vibration
320 1 1 1 1 1 1 1 1 1
20 40 60 320 20 40 60 330 20 40 60
Processing time/s Processing time/s Processing time/s
a P=4 MPa b P=6 MPa ¢ P=8 MPa

K8 TALTTAR EAR RS L

Fig.8 Comparison of the top hole diameters

X i W 7 i 2l (545 o 0 S A 2K A % T e
o up b AR T e b, TR R MR BR G 5 A T
RLH) RS R , SO0 BB B T 2 R AR
TR A4 B oy T 1), T RCAL N BE TS B3 TE
fLARIIAT A Bl
3.4 WFLKREHFERE

TERLERE B K SR oh i B rp, o T 32 S ok
XA, /INJOARE A PR A 3230 T 3R i i 2 e A B
RAPER I FE , i ZURAL PO A i BB HE AT 1)
Kbro [N, FEASE R, POREE BRI 2 U
Hesk /5 I S Q1 - € Wi T AR = ¢ R T SO = 3
SR B “W” S W R )R A L
M, AL BRI . i, BfLR
P SH R RE AR — E R b nl LIS I S LR
A LEMERAG B, U(EBO), TR I I B4

B9 J2A% S5 25 A T 0 T A5 B 4> ALk

DR IR S5 R Y FU A o 33X — P AELBE 75 5 370 77 R 38 Kk
78 /N, 33 mT DA 28 5 R 4 w0 Ay 4y B 45 2R o
FTAR IR, SR Jy R, P A il 48 3 A £ A
FAC T AR X T A b bt B R ST s A, 3
DAL Z AR Bk o X ELIE 9 R RS 4 N A TG
PRSI A S (S LR BE A HUAEL, AT AR R, 4
PRSI B L T X — el . M HE N
8 MPa, Il T.BF 18] 60 s B, HLfE M 0.422 FE % 0.188,
FRIRIE 55.5%, X EME BRSNS AR MALE
U THT B AP

R 75 AR 2 ) AL VS T T SRR B P ek s R, R
FE T T A 0 8 7 i 2 (45 E 5 1T ) e e 2 0 ) 9
AR R E AR TC R R Sh S A N, SR T
NSO P o X T A 2 T 1 s A v R, TERE KR
H A P T e Al R S R B A TRD R, 840 T R
() R Bk Ui , DT FL PO A B R RS 3 T
FIEAIUEN

k= L= =]
a 1.0 a 1.0 a 1.0
Q Q Q
! ] ]
o o o
S 08F g 0.8 2 0.8 F
8 8 2
S 06} = 06 g 061
5y o S 5y
< . = | TTTTTee- D T . ° - .
g 04f §0.4- g 04F e--ooooe .
2 \\\\‘\\
§ 0.2 [ —=— Without ultrasonic vibration § 0.2 | —=— Without ultrasonic vibration f*o 021" _« Without ultrasonic vibration *
] - -»-- With ultrasonic vibration 8 --e-- With ultrasonic vibration 8 0 --»-- With ultrasonic vibration
< 1 1 1 < 1 1 1 C 1 1 1
& 00 40 o = "2 40 0 = 20 40 60
Processing time/s Processing time/s Processing time/s
a P=4 MPa b P=6 MPa ¢ P=8 MPa
K9 AL P AR B XS L
Fig.9 Comparison of the flatness of the micro-hole bottom surface
RSN TARAL TR EE RS R b, TR, T
M\ = —J+ Ipfy 41 N2 ALY 75 N
4 #Hig P68 P R B 8K T AL ORI L S — A S IR

AR SR P 75 i B Rl PR R KSR AT X KO B Ik
177 wpih S FLSCIR BT, B BT T SRS X AL
AL ROFRSEN, EBE5HET

1) 8 3 A7 T P IR Sl IR R K B R A K9

BRI IE g W

2) JE i A JCHE P R S I AL TR AR RS B
PO, PTRARS 7S IR Sl (0 75 G20 I S O B oy
SR, WS B TR B

3) A B AL A AR TR 3 T LUK B, R PR



- 352 - * wm #H R

2021 4E 11 H

I PR BE T 1) RS20 B R X LA T 1) B 820
BIRFLARA Py, (HEEA AL R BUR R R, H
INFIURE B X BB A4 25 BROLBER & A8 4 At
PRSI AETE A MR R L ERYLEE B HTER T, 4R T340
VEORLK St ) v ol

4) ARSI ARTE T ALK PR
W7 OB A B GE, SlAL O B R A
BHA TR R SNAF ] T 4 £ B

Zr LRTIA PR AT LSO (A B R K SR Y
rhiE R, A B TN T RE g B[R] IR s n T A4
S, ATLLSEBL KO SRS SR AR 0 s AR AN T
300X FHE S0 2 R R 2K S O A A A R B4 R o T
el o FH B BRI T

S E k-

[1]  ZHAO Jun, HUANG Jin-feng, WANG Rui, et al. Inves-
tigation of the optimal parameters for the surface finish of
K9 optical glass using a soft abrasive rotary flow po-
lishing process[J]. Journal of manufacturing processes,
2020, 49: 26-34.

[2] GUO Xiao-guang, SHI Yu-tong, LUO Xi-chun, et al. Me-
chanism of crack propagation for K9 glass[J]. Interna-
tional journal of precision engineering and manufacturing,
2019, 20(5): 815-825.

31 &k, Hivfd, FER, & YL SRR

K9 By B3R 10 S AR [T]. HLURSE, 2020, 48(20):
45-48.
NIE Wen-zhong, MA Ya-jian, LU Jian-min, et al. Study
on surface quality of K9 glass by longitudinal torsional
composite ultrasonic vibration milling[J]. Machine tool &
hydraulics, 2020, 48(20): 45-438.

[4]  ZEERM, REICHT, MK KOt ral ms b b H AT
FE[I]. R ADE2E, 2021(1): 188-193.

LI Qian-tao, XIONG Chang-xin, YANG Chang-cheng.
Research on chemical strengthening technology for K9
optical glass[J]. Journal of applied optics, 2021(1): 188-193.

[S1 LIU Ming, WU lJia-nan, GAO Cheng-hui. Sliding of a
diamond sphere on K9 glass under progressive load[J].
Journal of non-crystalline solids, 2019, 526: 119711.

[6] WANG Cheng-yong, YANG P X, FAN Jing-ming, et al.
Effect of slurry and nozzle on hole machining of glass by
micro abrasive suspension jets[J]. Key engineering ma-
terials, 2009, 404: 177-183.

(71 SRR, BUEE. G ERK  DIE R i 5t
JE[). WIESS3, 2012(12): 134-138.

ZHANG Qing-ju, LV Hong-jun. Research progress of mi-
cro abrasive water-jet cutting technology[J]. Chinese hy-
draulics & pneumatics, 2012(12): 134-138.

(8]  Z=dfnm, BMAA, KWEF, . BUBEDKSNRN THA
WFEEART]. AR SR TR, 2016(2):134-144.
LI Zeng-qiang, ZHAO Pei-jie, SONG Yu-xuan, et al. Re-

[11]

[12]

[13]

[16]

[18]

search status of micro abrasive water jet machining te-
chnology[J]. Nanotechnology and precision engineering,
2016(2): 134-144.

KOWSARI K, NOURAEI H, JAMES D F, et al. Abrasive
slurry jet micro-machining of holes in brittle and ductile
materials[J]. Journal of materials processing technology,
2014, 214(9): 1909-1920.

PANG K L, NGUYEN T, FAN J M, et al. Modelling of
the micro-channelling process on glasses using an abra-
sive slurry jet[J]. International journal of machine tools
and manufacture, 2012, 53(1): 118-126.

QI Huan, FAN Jing-ming, WANG Jun. A study of the mi-
cro-machining process on quartz crystals using an abra-
sive slurry jet[J]. Proceedings of the institution of me-
chanical engineers, part B: Journal of engineering manu-
facture, 2015, 229(3): 421-434.

WER, KR, Akl S WUBEOKSREAR B
B[], PEARR A=A (AR R R), 2009, 28(4): 1-6.
LEI Yu-yong, CAI Li-ming, BING Long-jian, et al. Micro
abrasive water jet technology and its application[J]. Jour-
nal of Xihua University (natural science edition), 2009,
28(4): 1-6.

BRI, BRI, EZE BRUERLKOR N e Y
IPLERESE]. BRI SRS B TR, 2010, 30(3):
1-5.

FAN Jing-ming, FAN Chang-ming, WANG Jun. Erosion
mechanism of brittle glass by micro-abrasive water jet[J].
Diamond & abrasives engineering, 2010, 30(3): 1-5.
WANG J, NGUYEN T, PANG K L. Mechanisms of mi-
crohole formation on glasses by an abrasive slurry jet[J].
Journal of applied physics, 2009, 105(4): 044906.

PANG K L, NGUYEN T, FAN Jing-ming, et al. A study
of micro-channeling on glasses using an abrasive slurry
jet[J]. Machining science and technology, 2012, 16(4): 547-
563.

LV Zhe, HUANG Chuan-zhen, ZHU Hong-tao, et al. A
research on ultrasonic-assisted abrasive waterjet polishing
of hard-brittle materials[J]. The international journal of
advanced manufacturing technology, 2015, 78(5-8): 1361-
1369.

QI Huan, WEN Dong-hui, YUAN Qiao-ling, et al. Nu-
merical investigation on particle impact erosion in ultra-
sonic-assisted abrasive slurry jet micro-machining of
glasses[J]. Powder technology, 2017, 314: 627-634.

HOU Rong-guo, WANG Tao, LV Zhe, et al. Experimental
study of the ultrasonic vibration-assisted abrasive waterjet
micromachining the quartz glass[J]. Advances in mater-
ials science and engineering, 2018, 2018: 1-9.

PRERS, B, BT, 4. BRI ERL K S T
ML B 2= BB RIE 5[], HLIR S W, 2020, 48(17):
79-82, 87.

CHEN Xue-song, HOU Rong-guo, LV Zhe, et al. Study
on processing mechanism and removal model of ultra-

sound assisted abrasive waterjet machining[J]. Machine



$F50% £ 1

TRABAE - 7 Al B T 2 B A ST U o et KO B8R 1) S B BT 5 - 353 -

(20]

(21]

tool & hydraulics, 2020, 48(17): 79-82.

Br U0, ks, B R BE NGB R TE A B S A B T
0. WOREAR SK% TR, 2014, 12(3): 227-234.

FANG Feng-zhou, NI Hao, GONG Hu. Rotary ultrasonic
machining of hard and brittle materials[J]. Nanotech-
nology and precision engineering, 2014, 12(3): 227-234.
ke, AR HAE N THORAYN S R R, T
HHER, 2012, 46(1): 3-8.

ZHANG Xiong, JIAO Feng. Applications and develop-
ment trends of ultrasonic machining technology[J]. Tool
engineering, 2012, 46(1): 3-8.

FRARY, D, FAERI, S XEI TR S )
HIIN THAR[I]. Az hiliEde R, 2012, 55(16): 44-49.
KANG Ren-ke, MA Fu-jian, DONG Zhi-gang, et al. Ultra-
sonic assisted machining of difficult-to-cut material[J].
Aeronautical manufacturing technology, 2012, 55(16): 44-
49.

[23]

PREAS, BeoRE, B, S5 855 I Rl K S iR
T T A R SR S [0). LR S U, 2020,
48(6): 17-22.

CHEN Xue-song, HOU Rong-guo, LV Zhe, et al. Deve-
lopment and experimental investigation of ultrasonic as-
sisted micro abrasive waterjet machining device[J]. Ma-
chine tool & hydraulics, 2020, 48(6): 17-22.

QI Huan, QIN Shi-kang, CHENG Zhi-chao, et al. Towards
understanding performance enhancing mechanism of
micro-holes on K9 glasses using ultrasonic vibration-
assisted abrasive slurry jet[J]. Journal of manufacturing
processes, 2021, 64: 585-593.

QI Huan, WEN Dong-hui, LU Cong-da, et al. Numerical
and experimental study on ultrasonic vibration-assisted
micro-channelling of glasses using an abrasive slurry
jet[J]. International journal of mechanical sciences, 2016,
110: 94-107.

( 355 345 70)

(18]

(20]

CHO Y S, KIM J, PARK Y J, et al. The effects of
strained sapphire (0001) substrate on the structural quality
of GaN epilayer[J]. Physica status solidi, 2004, 241(12):
2722-2725.

CAO Lin-lin, ZHANG Xiang, YUAN Ju-long, et al.
Study on the influence of sapphire crystal orientation on
its chemical mechanical polishing[J]. Applied sciences,
2020, 10(22): 8065.

BT, HRERG, SRR, A SN [ i R
PR T]. SR T AR, 2017, 25(5): 1250-1258.

HU Zhong-wei, SHAO Ming-jian, GUO Jian-min, et al.
Comparison of grinding characteristics of different crystal
surfaces for sapphire[J]. Optics and precision engineering,
2017, 25(5): 1250-1258.

WAN Lin-lin, DAI Peng, LI Le, et al. Investigation on
ultra-precision lapping of A-plane and C-plane sapphires
[J]. Ceramics international, 2019, 45(9): 12106-12112.
LUO Qiu-fa, LU lJing, XU Xi-peng, et al. Removal
mechanism of sapphire substrates (0001, 1120 and 1010)

[23]

[25]

in mechanical planarization machining[J]. Ceramics inter-
national, 2017, 43(18): 16178-16184.

MAAS P, MIZUMOTO Y, KAKINUMA Y, et al
Anisotropic brittle-ductile transition of monocrystalline
sapphire during orthogonal cutting and nanoindentation
experiments[J]. Nanotechnology and precision engineering,
2018, 1(3): 157-171.

MIZUMOTO Y, MAAS P, KAKINUMA Y, et al
Investigation of the cutting mechanisms and the anisotropic
ductility of monocrystalline sapphire[J]. CIRP annals, 2017,
66(1): 89-92.

MA Yi, CAO Lin-lin, HANG Wei, et al. Crystallographic
orientation effect on the incipient plasticity and its sto-
chastic behavior of a sapphire single crystal by spherical
nanoindentation[J]. Ceramics international, 2020, 46(10):
15554-15564.

WANG Jin-hu, GUO Bing, ZHAO Qing-liang, et al. De-
pendence of material removal on crystal orientation of
sapphire under cross scratching[J]. Journal of the Euro-
pean Ceramic Society, 2017, 37(6): 2465-2472.



