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Abstract

In this paper, a model of material removal in abrasive water jet machining of brittle material

is developed, and experimentally evaluated. Abrasive water jet machining proved to yield better
material removal rate than other machining techniques for hard and brittle material (alumina

ceramics). It was also found that large scale fracture may develop at the exit of the jet from the
material. The fracture size was predicted as a funchion of water jet pressure and size of the hole.

Finally, the feasibility of using acoustic emission signals for in-process monitoring of the abrasive

water jet machining process is investigated.

154y

A CAZEA(=0) ot Aot A
A 439 Fo9 w3
EREC TS ERE

= o
ol oY
A 3 oox of

s

o)
o
i

Fgelvix 45 %
H A=

L coduhiRe] AgagEas
K. 934

O

P AW o™

b HEAES

rodutdAY) FAFANA AAA Az
Y, ASALANGT Aol A 53
e R

AR AT A

n
o

A
2
T
e &
off
>,
‘:‘\L

I 2 o2
[

jm 2,

2 L

© X

r_c')(_'

>

|m

el vi=]

adk
¢

)%

>

2 o fo L O =y
»
)

b
o
i
bt

o

AR YAz

59 Fsey A4
A

4 ook T o0 R O R o o |y omd A

< T ax MR NS oaqe >
E]
o ® & 5oy

i

olBdo]lAlY YEAE 7L e sFUEE

of wld Fxrsb w2w, Ne} & WAAIA

y

[



2074

%3, 7}3Eol A $AE How, e
Aol olf daFol Hew, xFo 42 z¥
sy geholeol g 4+ %M A58 oo
o, @4 vad 2 , Q@A AA
287 4obe EAAE M 28y Haolk
g LAYTAE $7en ojualoln ¥
A= 71gel $EHAs HolAM Fatol}t AME
Aol A % ohlzh Fol AN A&
%ol ol &5 7lel o2,

AqudlelAn YEHAEE Qs 149 9
HAEez asnzd 45w, o nde o
sl AHgol Mzol £4¢ AHHA Fatol YojuiA
4. FinnieV: 4¥¢ $otd 3574se 92
Aol d4Azsh A4A2ol Aol Fig Lo
Aok ol AolaA vedon maaglz,
Hashish®s d4A 28 2% dupedar e 7
E(15%14 2002 $4¢ ¢ @ Bl Ax
2 A4AEe A4S AnlRs) +Aez AR
#AE A o A4l Ak 98 23 )
£ d4Aes A4A2Y BAeAUZ0] GE
GAR, 7, A AS Do A2
& ol vrbulA "ol Yoz HAAM=S 7
% Fdo P43 A5y ALl 93 A2}
Yol rbAl "o, £ AFolHE ousloAn
AeAEel 9% A4AE A4 2 AL
3, o] 2Ag dFol Aeua RelAe AY
dolsh vlagch = mo 4,71 247 AHAE
o s hzd T dudd W A
242¢ BEL o Arle A4nTY 205

PEAYl wlel e 2aleh, shxtez AEs} of

2 8 3 8

Ervsion-grams per gram of Abrasives (x10000)
o N
°

N a2 o @

10 afo s'o 40 50 80 70 80 20
Angle of impingement (degrae)

o

Fig. 1 Erosion characteristics of ductile and brittle
materials®

% H% - AAS

Bl AL HHAE 72
49 4 3ee na

2. HHM g2 ofzolAE YEHHE
7180l el R ZHAH

ofuslol A AHAZ A1l dAARS) A%
o] I3l =2 Benchaita, et al.,® Hashish et al.®*
o} Finnie® Soll 2|8} Aaks v} ek, Fig. 2004
Mz AAzLs e dAnkdAbet a2ty A5z
25 AAN A AR A Lde IS
ojol g}, < A 7bA A (continous orthogonal
cutting) # v)<£ 38 Finnie®e] mdeo} o3)l™ o] 3
$e dulAe) Azzel AFAold
et AnklAsl $4¢ e W A4AEY A
< d4 AxAdAdcde kg (indentation) o] v}
5 7]7] =¥l ~ E (scratch hardness test) &} ®]s3}c}
T Aot M g AEsl A A FYFFE
Zelel AlFel wEde, ZrAEHLENA
AslFol 43T o viEldle Aoz dA
L& aheba] oixlel] AL3lE WAHA Py
Jz7t Bl vlAw £l AFo vl
etz 71 ¥ 4 sloh, Fig. 2049k 7o) qdw=tg)
Ze] Agke] AaE ALozZ Az AL 33
o "oz I my, L, r, k7l 77 A=,
AraEe, duidae] At FAFA7AR S A
2, 283 GuigiRlel] mlA= PP YA
v o depgiatel FEUAAL g Fol v}
eb 2 ef, ©

may + rAHy*tan?y =0
max + krAHy*tan’y =0
Li$+ rkrAHy*tan*y =0 )

AelA detiztel Hzzel diAelE ol
A Hew, £AHe) Y Bl FAY 4
gotn e A9 A AR 2r=A

A LR o2 ol

ox

4

_SL

do 32 e R

Abrasive Particle

Fig. 2 Model of abrasive striking and material
removal®



oualel s YHAEE o §3 FRalu Aa A%

¥y (t=0)=v sing& 4§

2 1/2
y=i(vzsinza—%——M£ntan ya), (2)
olx ¢dApst st Aolgo e W y=0clm=
H3 gkglzlol e

Imex=0. 7816717% (3)

s o] &g 4 glen
Aol ggelsl Agol
S EEDIEE YLK

Dmax= TfAHymaxztan ¢

Aerel Aol ot
SEEEEREEREE)

ocA1/3H1/3ma2l3v4/3tan2/3¢Sin4laa (4)
ot A4ARY AL A4EL Aoty 4T
o S99 AAHE Aoz 3AY 4 Aed B
& ddutglAs] 4350 AAHAU(£=0) Ao}
A7t A2ERE WuHA B Dot (y=0)
b @A duklel o7 AR AR, A

(v)7F st atel y=0 olehel eiHoln frh A

Sol e A7 o
V=£tcA(y)d(x+r¢) )

o

HAAE ojmdoAlL SEHAE FolAe
dukd =7t FAEol shsle FH ol wet 271
o & "ate] merl A 4 ok ubeF 34

ol 1’1‘°§_7di}91 A A E} 2ot AAdH 89} o}

WA E £ 890l T2 Al AU Zel 52,
B N A
9 sslol os Al A Yojrdel, O

F A A qkql (quasi-static indentation) & oz AF -

Agol o8] 7" w gled, Lawns} Swain®®
of Wzw HAAEY 4ol AMEe AFL o
+3% 2, AR Fig 3(a)ol et 3ol otz
A 7h hdHeol wet 2490 YA ol 2
27l 3HFe Folel wal FobslA AR A
Ao =tsld SHAFo] Hurl gHe HFH o}
#lol| 4 Fig. 3(b)oll A2} o] AgFede] Hgeal
yako 2 Fdo] AjztEc, o FTAL FTUTH
(median crack)OIE} Yaje qieley gtde] &5}

doll @ FHFIL W% WA, o el
T
ddst 1 799 $HLAA] FE AFSH

2075
+ -
() (@)
+ -
(b) (e)
‘+

{c) (f)

Fig. 3 Schematic of crack formation under point
indentation®

LA # A Fig. 3(d)oll Mot 2ol M2g Fho] A
2 Fdo) Pk uwlgko g APl ol &9
T4 (lateral crack) & 22 A gel ITHS A
42 HolA L olelg SuFdol A4AE
oA MaAAL Faole]l M}, FHFdol ¢4
371 A% AARLSE Evans'™VE £=H/0 % =
b3} o] ol &#ch,
1845 (6)
Juglo|u HBAE F A bR}
A7 A2

pr*=




2076
p2
[=0.29 P ATE (M

A46)9 A £48¢ 4Dl A g
ol e TR 278 A€ 4 9ok,

72/9ma4/9 vﬂ/stanHQ ¢,Sin8/90

Imax=0.2461 ABRI (8)

S FdLe £4/ek4 ] AAA Azt=Eln 34
oA HPHA QWb AZoz Hoixmz o

A5 Role 24999 olel BT ¥
ek 245E 2olE Bes 2o,
hecy (9)
A3 H shdAdel s SHYstd A
£azelE 23t 2,

h Ma ”31)2/3311'1 a

AT ™y (10)
29 Aol FEHE WA Aoty A
44%e 0ot 2ol A58 4 Un,

Vo m2v¥3sin?2a

AFH ™y (10

29 Aol 3
A4ge o

E3he Whe QoA A
&3} 2ol ol 4 ek,

Vo lmaxzh

HYS b 525 tan®® ysin®® ¢
o« NIRRT

(v

e 2 F99 Aot g8 Azt AA
A% AR AAFL A58 Axol

< 0 gEde A AR (VeH"™),
o] ofmao]A]n -‘%MAIE 7hgel A=t %

3
% olfotn 4RY 4

3. HHM = olEHOo|AE ENHE
71S0lAM wlstE nia

AualoAx AHAEE HYNEE BEL
Fgol 4A TR AAE AL 4+ gled,
ot HANEY AUAFoIA vAsA T,
olel¢ Fd= st Fig do] EAH wpsh 7o)
ofe] At spgel AYH Fojod de we
AgurE G Azol A5 Yol s A

Aoz ¥ 4 Uk 292 o FAL o

#7144 - A7 % - AAS

Water Jet

i

B
Crack Crack

Workpiece

Fig. 4 Model of crack f ormed as jet exits from
material

% A5 A9} YA Ao Ao r&z.-m
ek, o] FAde 2l o3 o] o] E(th
theory of thin plates) & 74-9-8}] Z2AA J}E}UI

Hof AzgAd B4 5T + Yk

gel % webd 239 %@ﬂ%{ko] FUT ¢
wE e o B4l e WYL E,v 0k 4%
A%, Folgul, Bel TAols, Dr g 2
o) Belg FHEL o
Et®

D=x1—7

(12)

oheel el ety s Az s Foi e
(P 1, 1@
V(G g e og)

(82

19z 1 &z\_p
FrrtRG)E W

I

ort’ r ar
z{a)=0
2e(a)=—2-(a)=0

o] Ae) #E chezt o,
= D@’
aan(1-(2))

o= 1’ (1+v— (1+3v)(%)2) (14)

1¢ el Mol T

_1 ___bpead®
U= Um—szoada)o——6144D



ofralo) Ay AHAES o &8 FFul} Azhgss) A7

2
=5.2493x 102252 (15)

ojch, A gt dsto|Eel wet FHolA UFE
Eol Halal AR o] & = Fde] AH3}Y] 4
gty & 4 gln, $9e A5 3ds H9Y
A AP o] Azl FHAYA A2 EL
o] Alasle Wyl E e Aol dfs) o
g A Ao, debd Gt Azl A HEAd
A geEd o o 2L 7YY =%

& 4 gk

2 2
ﬂ=1.8897x10-‘—<l—2—2§Ml=Gc (16)

oa
o] A& poll ) g ol A" + glon
2y 1/3 4 1/3 2/3
£=0.05739-1 ”E)l,aé"c’mA" (17

A8 7FE$ (material removal rate) &
38 SA7} pl® A wlE|ghS Rqlt)

4. AES} ol Eo|AlE /BN E 718

AE (acoustic emission) = £A4W#E, FdY L
% Az, zelz AWESE A Aol LA4s)
+ Aol w45 golct, AEAZE Agd A
PapAol] w7E7) wjFoll wlFdHAZA F oh]z
7 AR Ao S48 b g, ojHEe]
Al YEAE sgolAE AEd 2EH Yok
AHA B} 7HE549] S AL AtE FAH
Al gt A zdEgE AdYg 4 glow,
258 Vot dHA s s wlfo 2l
7} Fhre) 4 glounz QA A o B o]
AlB e AES ol &8 AuUsEE sy AsAE
ze2AAAE 98 AMA 2" Sige] Hg3F)
o},

AEAIAE AFE3 Ageiade] gle A zdH
Aol "olzl Feoll Aztslojs Hlmg zte].H9of
A AME 2ZAer] o5 ojuaolAln e
E 7}3e Aol A Aoz Az, gy
Holl A HolA4E A5 FEe G|t ojn
olAu A AE 7ge AHT 8B4, 243

P ot

3!
3 Fd9 AHE s4ael AEE AR B4
449, T LA A Sol dhwrsl Az
Weol Fd¥Hdelqd BejAH AP AEAES
Mzsl Aael A% FLE FLEL LYY
= % 4 oo

2077

o
n
el

ojudolAn YEAEF ol LN &3} FHA
o AlgtAed sgsly] A% g3 4dE
stz o}, Flow Industriesrbe] o] mal|oj A8 ¢
EAE 9AlS o] &3] ANSI 40307}, Al2024 &
Folg, 282 5mmFAL] AD-94 dFujrt 4
Beagg ARsdn, ddAze JFA7 o
0.15~0.25 mm<] garneto] A& ler HEAE
9] gk & 150~350MPa, ddwtqixtel £ FAE
gele 5% fA=det, Fig 5& ol2g o x|
oA B YHAE 7T Asds AEZA Axd
\:}2]0{:1.33,4 o}, Dunegan-Endevoco D9201A AE
AAE Bl 27 YES ® 33 32t Q0
A9} AE3tA £ E sLEHSolA 6feet Hof
A HolF foll AA =Y, A2 FE S Gg Al
%% Dunegan-Endevco 1801A-100H =zloj= o}
AET-302A Z2|lZ & B3l &Z5 1 AET 404
RMS9 =& E3le] A4 10 mse 2 RMS gke
2 W= gc, Ao AEAE9 RMS AEAlZ =
Ao 7A=3% Sony AV3650 VTR &) o} d=
a2 Pz Ao 4dyel ¥d F HP51180
Wave Form Recordero] ¢ls] tjadAlg =z AS
250} GPIB Interface® %3 PCE Ag=of ¢
At

Flow Industries
Abrasive Water Jet
Machine

AR Sensor
Nozzle Dupegan Endevco D9201A

B LPF Cutoft Frea: 003 Mz
B P Cutof Freq: 0.3 MHz
B Gein: 2045

Fig. 5 Schematic of acoustic emission monitoring
system



2078

6. d&HE

oAel7tA] A 59 ojualolAn YEHAE slFA
oA 7FFEL A AZFat 7}0—% [ g X
AEe AAH 73y AHE 4o zH A
AElgled 2 A3} Fig 6o veby A1r+, AD
-94 AdFu[v Algpeixe] sbgEe] ANSI4030
Steel 2ot B4 ¥x, AL2024 &-Fulwel v]s)
A a7 A UEhd A% & 4 Uk e 3
Aol A2 B GFod Agas o)
Z§o] ANSI4030 Steelo|i} A12024 <+Fr]Fol
A @A Hee TeY W ol Ak
JualelAx HHAE sgol & ATl o
Ae 3ol ool e Ffult Aage A
BE sl3sted &3 fasigE A4S 2T, o
£ =g ojudlolAu deAE Apeld A4AE
s A4ARY BAAAUZO M2 GBS KjF
o},

Fig. 7¢ AD-94 45w Ajgpdad 713d o
wAste A¥gdql RMS AEAIZ S Rale, ofn
HolAlu elAeo] ool g lafAle] el
AEAlz 7} wE $EE i°l% g 4 5 U
olz{gl 2o Hay YHAEY Yol ufZ =]
Bo| HyujFoletn YA, warEs Y3 o}
Lo Alse dlad FHelstA Fx= oot YEAE
o] FZEE FE3AAM wAss TdA o
o8] RMS AEAlZol AEo] Z7sta ololx &
sejazt A7lm AL & & suth o1FA A
£5) 3AEL BEHAA S BATA Aol
RMS AEAl3.9] "Eo| Zrlstoz ujgtalelz %

& s} e WAL RMS AEAlIZ Y AFol 5718
o s}EZstele]EE wlRoE oA AT 4 g
Aol

AD-94 4Fn|y Aetrags AT o wAs

= RMS AEAE aWo] =32 XE FAEL7AY
Agle 42 Fig 8o vehd gk of 2yl

w223y FREAAY AU} He4E = 2

AotolAg A4E4E RMS AEALS Y sl &
o4& 2 4 9led ol RMS AEAZ =49
A AUE A dA4E 28T o gl £

Qg deld, &, xFE2LH *2}577}1]4 A
27 #4545 = 2 AidAE ALEFE b
S ¥ 4 3lod, xFELH %—2}377}1]4 7

74 - A7

E . AAS

o b3

O Ave. Dia.=0.15mm
) Ave. bia.=0.20mm

% 80 * B Ave. Dia.=0.25mm
8

o

ANSI4030 Al2024 AD-94 Alumina

Workpiece Material

Fig. 6 Material removal rates achieved in the experi-
ment (standoff distance=6mm, angle of
impingement=90 degrees, average diameter
of abrasive particles=0.15~0.25 mm)

|
i

01 V/div
NI
|
li

{

M

LI

[, binl Lonbsefnndielisabinlen

0.1 sec/div

(a)
» SEEEEEEE S=SE
E — =
> =
~ =
S = =
== = _—_— ==h = ._-;
S S ==
=EE == =
= ==
Illllllllllﬂllllll‘II|I|III|‘lIIl‘lllll“llllll]lllllllllllllllllll IIlIllllI‘Il!lIIIIIIIIII
0.1 sec/div

(b)

Fig. 7 RMS AE Signal when the abrasive water jet
impinges on AD-94 alumina ceramics

S 07
2 06
Qos e Ave. Din.0,18mm

2 04 —O— Ave. Dia.=0.20mm
E 03 —+=— Ave. Dia.-0.25mm
02
0.1
0
0 5 10 15 20

Distance between nozzie and material surface (mm)

Fig. 8 RMS AE level.vs. the distance between nozzle
and the material surface when the abrasiv
water jet impinges on AD-94 alumina ceramics



ofnalolAn AHAEE ol &7 %

Rule 1

Rule 2

Fig. 9 Front and rear view of AD-94 alumina
ceramics machined with abrasive water jet

2.5

o

Thickness of Fractura (mm)

o
@

L J
00 50 100 150 200 250 300 350 400

‘Water Jet Pressure {MPa)

Fig. 10 Size of large scale fracture.vs. water jet pres-
sure

27t AW W S4E GEAEE A4 T
2YLE Aohhzz 3REY AUEE FA5]
AAAE =220 TAEANY ATt g A
o sl sieh,

Fig. 9ol 4% flelA=9] §34%¢ 852 4 9
A7 47 AL & 4 U o]k RMS AEAS o)
Fig. 81418} %ol A%l Frlsh 2 saz g
He}, ol @ HAE Fig dold A ATH P

ofL

Solg Az ael 2079
18
o

160

b o
M . |
5
‘S‘Lz)u ° y=7.25x J
% 1
[ o
'go,s— °
EO.G'

04

02

% "otz 00 000 008 o1 0.12

Crossssctional Area (sq. mm}

Fig. 11 Size of large scale fracture.vs. area of ma:
chined hole

Hol deAEY £2 FHol A
Rez A7z, Fig 10&
Ggtol W aAFAY WHE ReiFa gled
goll A olEE wpet el A" B FA
el wldsle ARE voe od & Qloh =,
Fig. 11& 7438 759 w43 a5 4

ﬂf*ﬂlé el snl 4] =5 wlel o st
A e FAz Aol wlEse AFE reln
et
1.2 8

2 AFE E3lel g B AL WY 4
=t

(1) ojmeelAy HeAE 7132 o2 YubH
ol shubdlel wlal Aane AAae AT
of #3stet,

(2) H4AMEY 71FolA HHAEY A2
5% o Fwe sidsh 47 4 gles, 2 a7
L p1/3A2/3°“ H] aﬂ%}u}

Fl

(3) RMS AEAlZ & HEAlES} Aasete HEF
off wizteled, HAAES 7hgolM HHAESL A
8% FEF o A7 =dl= RMS AEAS Y &
waEeo o A" 4 givh = FAs dojut
7] AAol AEAZ 9 Aol Frislnz sie %
AL AEAZ Y AEo] F7tete Aol Aol ot
g 74g-F el e g Aojgdezd B 4 Y

(4) BATAHANA ojnANA N HEAEE o] &
7] $sted = 2o AAAQ FFo] oy

AR} AR 28 Aol A4

Holw] AEE of



2080
valolAn HHAE AR Aol 2 Fsiet,

7|

ok

o) A7 +4sE 4YPE A48T + 3
5E dFAz, #e 2oL A University of
California, Berkeleye] Hood M.ii4=7] ZtAb=
e,

1}

e

it

(1) Finnie, 1., Wolak, J. and Kabil, Y., 1967, “Ero-
sion of Metals by Solid Particles,” Journal of
Materials, Vol. 2, No. 3, pp. 682~700

(2) Hashish M., 1993, “The Effect of Beam Angle
in Abrasive-Waterjet Machining,” Journal of
Engineering for Industry, Vol. 115, No. 1, pp. 51
~56.

(3) Benchaita, M., Griffith, P. and Rabinowitz, E.,
1983, “Erosion of Metal Plates by Solid Particles
Entrained in a Liquid Jet,” Journal of Engineer-
ing for Industry, 105, pp. 215~222.

{4) Hashish, M., 1984, “A Modeling Study of
Metal Cutting with Abrasive Waterjets,” Journal
of Engineering Materials and Technology, 106,
pp. 88~100

(5) Hashish, M., 1986, “Aspects of Abrasive
Waterjet Performance Optimization,” Pro-
ceedings of the 8Sth International Symposium on

CEERETE REE R

Jet Cutting Technology, p. 297.

(6) Finnie, L, 1958, “The Mechanism of Erosion of
Ductile Metals,” Proceedings of the 3rd National
Congress of Applied Mechanics, ASME, pp. 527
~532.

(7) Kim, T, Sylvia, J. and Posner, L., 1985, “Pierc-
ing and Cutting of Ceramics by Abrasive Water
Jet,” Machining of Ceramic Materials and
Components, ASME, PED-Vol. 17, p. 53.

(8) Lawn, B. and Evans, A., 1977, “A Model for
Crack Initiation in Elastic/Plastic Indentation
Fields,” Journal of Material Science, 12, p. 2195.

(9) Lawn, B. and Swain, M., 1975, “Microfracture
beneath Point Indentations in Brittle Solids,”
Journal of Material Science, 10, p. 113.

(10) Evans, A., 1979, “Abrasive Wear in Ceramics:
An Assessment,” The Science of Ceramic Ma-
chining and Surface Finishing 2, NBS Special
Publication, 562, p. 1.

(11) Evans, A., Gulden, M. and Rosenblatt, M.,
1978, “Impact Damage in Brittle Materials in the
Elastic-Plastic Response Regime,” Proceedings
of the Royal Society of London, A, 361, pp. 343
~365.

(12) Timoshenko, S., 1925, “Applied Elasticity,”
1st Edition, Westing House Technical Night
School Press, East Pittsburg, PA, pp. 444 ~459.

(13) Wang, C., 1953, Applied Elasticity, McGraw-
Hill, New York, NY, pp. 291 ~296.



