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KONGKIATPHIMCHAT : FACTORS EFFECTING CUTTING PROPERTY
OFCERAMIC USING ABRASIVE WATERJET.THESISADVISOR:ASST.

PROF. PAPHAKORN PITAYACHAVAL,Ph.D.,147 PP.

CERAMICCUTTING/SURFACE ROUGHNESS/KERFBEVELANGLE/KERF-

WAVEHEIGHT/CRACKS

Alumina ceramic is a popular material that is widely used for the component of
electronic and medical devices. Since an abrasive water jet cutting is a cutting process
with high pressure water in cold working state, the product surface is not burned and
compressed including presenting the complex shape, low cost cutting and shorten
production time. This research aims to study factors effecting cutting property of
alumina ceramic using abrasive water jet cutting based on casting alumina ceramic.
The independent variables are cutting water pressures: 260, 290, 320 and 350 MPa
and alumina ceramic specimen thicknesses: 7, 10 and 13 mm. The dependent
variables are surface roughness, kerf bevel angle, proportion of kerf wave height and

surface cracks.

The results, based on significant level 0.05, shown that cutting water pressure
and thickness effected to surface roughness, kerf bevel angle and kerf wave height.
However, these factors were not affected to surface cracks.To establish each factor,
the alumina ceramic specimen thicknesses 7 mm. cut by pressure 320 MPa presented
surface roughness average 20.63 micrometers. The alumina ceramic specimen
thicknesses 10 mm. cut by pressure 350 MPa presented kerf bevel angle average 1.24

degrees. The alumina ceramic specimen thicknesses 13 mm. cut by pressure 290 MPa



presented proportion of kerf wave height average 0.5 mm. The alumina ceramic
specimen thicknesses 13 mm. cut by pressure 260 MPa presented surface cracks

average 0.82 mm.
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2.5 m‘%m%’ﬂmmﬁmuﬁa (Roughness Measurement)
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2.6 ANUKEIUAD (Surface Roughness)
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2.7 Scaning Electron Microscope : SEM

gﬂﬁz.”Scanning Electron Microscope : SEM
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Results for: paper. MTW

One-way ANOVA: hardwood 5. hardwood 10. hardwood 15, hardwood 20

Source DF 85 HS F P
Factor 3 382.79 127.68 19.61 0O.088
Error 28 138.17 6.51

Total 23 512.96

5 = 2.551 R-Sq = 74.62% R-Sq{adj) = 78.82%

Individual 99% CIs For Hean Based on
Pooled StDev

Level N Mean StDeu

hardwood 5 6 18.888 2.828 (-———%————— )

hardwood 18 & 15_667 2_885 [ itat satatatata: 3

hardwood 15 6 17.888 1.789 [t rrt kb totes b]

hardwood 28 6 21.167 2.639 (—————%———— b
18.8 15.8 28.8 25.8

Pooled StDev = 2_551

Residual Plots for hardwood 5. hardwood 10. hardwood 15. hardwood 20

s 2.22uaaamsssuranavea1isunsy Minitab
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AN 2.2 LAAIANT NI AATIEHANNLU TUTIUULUEPINI (Two-Factors ANOVA)

Source of Variation | Degree of freedom Sum of square Mean square F-Statistic
Factor A a-1 SS, MS, F,=MS,/MS,
Factor B b-1 SS, MS, F,=MS,/MS,

Interaction (a-1)(b-1) SS.;s MS,, F,;=MS, ,/MS,
Error ab(n-1) SS,. MS,
Total abn-1 SS.

N https://sites.google.com
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MAXIEM Machine Setup

Pump & Nozzle Configuration | Event & Relay Timing | Mation |

Pressure at Nozzle in High Pressure Mode: | 16444 Pl

Pressure at Hozele in Low Pressure Mode: | 20000 Psl
Jewel [arifice] Diameter: 02734 mm
Mixing Tube Diameter: 0.762 mim

Measured Abrasive Flow Rate: |0-3679398398 iy

ﬁ Abrasive Size: M" Mesh [US Standard]
Test Abrasive Index: |09 (Use 1.0 for garnet)

Mote:

This iz where you tell the Intelli-kMAx software how your pump and nozzle are configured. Changes made here affect haw the
cutting model will adjust the feed rate, accelerations, and other parameters of the machine when cutting.

[You a8 reporting ta the softvwars haw your machins is configured )
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3.2.5 MImMruamMatsesfia
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Material property Value
High purity grades 99.5% AlO,
Sintering temperature(°C) 1700
Density(g/cm’) 3.75
High bending strength (MPa) 285
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3 U 3.14Scanning Electron Microscope : SEM
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Residual Plots for Roughness
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Analysis of Variance

Source DF Adj SS Adj MS F-value P-Value
Model 11 459.54 41.776 37.91 0.000
Linear 5 444.07 88.814 80.59 0.000
Water pressure 3 199.65 66.551 60.39 0.000
Thickness 2 240.36 120.180 109.05 0.000
2-Way Interactions 6 25.90 4.317 3.92 0.003
Water pressure*Thickness 6 25.90 4.317 3.92 0.003
Error 46  50.70 1.102
Total 57 510.23

Model Summary

S R-sq R-sq(adj) R-sq(pred)
1.04980 90.06% 87.69% 84.21%
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Analysis of Variance

Source DF Adj SS AdjMS F-Value P-Value
Model 11 10.5941 0.96310 13.19 0.000
Linear 5 10.1608 2.03217 27.82 0.000
Water pressure 3 8.9750 2.99167 40.96 0.000
Thickness 2 1.4948 0.74738 10.23 0.000
2-Way Interactions 6 0.2140 0.03567 0.49 0.814
Water pressure*Thickness 6 0.2140 0.03567 0.49 0.814
Error 46 3.3596 0.07303
Total 57 13.9537

Model Summary

S R-sq R-sq(adj) R-sq(pred)
0.270249 75.92% 70.17% 61.44%
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Analysis of Variance

Source DF Adj SS AdjMS F-Value P-Value
Model 11 0.053094 0.004827 2.96 0.005
Linear 5 0.040728 0.008146 5.00 0.001
Water pressure 3 0.031340 0.010447 6.41 0.001
Thickness 2 0.011093 0.005547 3.40 0.042
2-Way Interactions 6 0.006251 0.001042 0.64 0.698
Water pressure*Thickness 6 0.006251 0.001042 0.64 0.698
Error 45 0.073327 0.001629
Total 56 0.126421

Model Summary

S R-sq R-sq(adj) R-sq(pred)
0.0403668 42.00% 27.82% 7.17%
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Analysis of Variance

Source DF Adj SS AdjMS  F-Value P-Value
Model 11 1.85609 0.168736 14.11 0.000
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Thickness 2 1.78316 0.891582 74.53 0.000
2-Way Interactions 6 0.03799 0.006332 0.53 0.783
Water pressure*Thickness 6 0.03799 0.006332 0.53 0.783
Error 46 0.55027 0.011962
Total 57 2.40636
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MANUIND

HEAAIANIF AT 9

< 9 [ a 4 1Y) 1] {
AN ﬂ.1mim‘wuma!ammmwammﬁmmwm 7 mm. ﬂmLimuﬁ 260 MPa

v g ANNKENVAD (Ra) (lulasing)
Fun , , . . . . .
Mmuil | mun2 | Muis | dwuid | dwudis | swuiie | aueds | midde
1 18.51 15.05 18.24 18.32 18.88 18.92 18.57 0.68
2 17.57 21.88 16.44 21.45 21.24 23.24 20.30 6.80
3 22.41 22.74 23.12 22.81 22.23 22.35 22.61 0.89
4 24.51 21.03 20.51 21.03 20.29 20.92 21.38 4.22
5 18.09 20.42 20.61 22.01 20.21 24.10* 20.27 3.92
M (57%) 20.63 3.30
wee: * MAaUnd (Outtiers) udoyafifinmeneenninngu
A131N.2 ﬂTi!,fd]‘lJGlﬁlj’E]iJ"aﬂ'm’ﬂiJ‘ViEJﬁJﬁ’J‘ﬁﬂ’NN‘HHW 7 mm. SULTIAUT 290 MPa
24 ANNTENVAD (Ra) (alasans)
w1 | dwdiz | dwiis | dwia | dwiis | dwdie | auede | midide
1 19.87 20.20 25.61* 20.98 20.51 19.40 20.19 1.58
2 21.09 21.99 20.76 24,62* 22.99 20.57 21.48 2.42
3 19.34 19.32 20.02 20.56 19.21 20.37 19.80 1.35
4 22.03 20.41 21.08 20.91 21.35 20.62 21.07 1.62
5 21.20 24.74 22.23 21.16 21.31 21.51 22.02 3.58
Aunde (37m) 20.91 2.11
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1A a < y 1 1
WReMe: * AAAUNA (Outliers) Wludoyaniinuensonainngu

U



a3 1 a A @ v A
$13719N.3 ﬂ']ﬁlﬂﬂélsljﬂuuaﬂWﬂ'NiJWt’JTUW'Jﬁﬂ'J'DJﬁHW 7 mm. ﬂ‘ULLﬁQﬂU“ﬁ 320 MPa

24 ANUNENVAI (Ra) (lulnsains)
i | dwiiz | dwis | dwita | dwdis | dwiie | auede | aide

1 21.87 20.65 22.13 21.01 21.29 21.03 21.33 1.48
2 20.98 19.64 20.52 21.34 21.50 21.18 20.86 1.87
3 22.13 20.99 19.53 22.20 21.32 21.26 21.24 2.67
4 2120 | 2130 | 2505 | 2122 1985 | 2419 | 2089 1.45
5 22.61 22.69 2131 21.98 21.94 22.05 22.10 1.38

AunAY (39%) 21.28 1.77

1A a . 3 {1 '
HWN8Le: * Halna (Outliers) Lﬂuﬂl@ua‘ﬁﬁﬂ’]uﬂﬂﬂﬂﬂﬂ’]ﬂﬂqm

U

IS 1 A A @ o A
M3 N4 ﬂ']'ilﬂ‘iJ‘lT’é]iJ“ﬁﬂ?ﬂ’ﬂﬂ‘ﬂﬂ?ﬂﬂ?ﬁﬂ??ﬂﬁlﬂ 7 mm. ﬂ‘ULLiQﬂu“ﬁ 350 MPa

3 ANNHEVAI (Ra) (IuTnsuns)
Yy A Yy Yy A Yy A y A Yy A v A ' aw
Mun1 | iz | mun3 | dwung | muis | duie | aunde | minde
1 27.23 24.51 25.67 23.98 25.01 25.99 25.40 3.25
2 28.09 29.04 28.87 28.33 28.21 25.45 28.00 3.59
3 23.09 25.69 25.61 28.02* 27.51* 21.01 23.85 4.68
4 25.03 23.65 25.02 26.40 25.62 25.62 25.22 2.76
5 24.17 2491 25.45 24.61 25.92 25.05 25.02 1.76
v A
ANDY (5I) 25.50 3.20

WINova: * MA@ (Outliers) iilutoyaiiinwensoniinng

U




a3 1 a A @ v A
M3 9N.S ﬂ']ﬁlﬂﬂélsljﬂuuaﬂWﬂ'NiJWt’JTUW'Jﬁﬂ'J'DJﬁHW 10mm. ﬂ‘ULLﬁQﬂU“ﬁ 260 MPa

%uﬁ ANNHEVAD (Ra) ('lsﬂﬂsmm)
it | dwiiz | dwis | dwita | dwdis | dwiie | awede | aide
1 23.90 20.34 21.03 22.62 19.37 21.98 21.54 4.53
2 23.01 23.75 24.56 26.93 18.25 22.44 23.16 8.68
3 21.76 27.17 20.39 22.46 21.43 24.89 23.01 6.79
4 20.41 20.89 22.05 21.86 20.80 25.92 21.99 5.51
5 17.16 19.34 22.74 19.94 22.96 21.43 20.59 5.80
Aunde (53%) 22.06 6.26
NIHa: * ARAUNA (Outliers) Lﬂu%’ayaﬁﬁﬁumﬂaaﬂmﬂﬂ’cju
M1319n.6 M3fuToyaA1ANINIILAINAMUILT 10mm. FuLsIFUT 200 MPa
2 ANUMENDAI (Ra) (lulnsains)
i1 | dwiiz | dwis | dwita | dwdis | dwie | auods | mide
1 26.22 27.14 26.57 23.05 20.72 22.19 24.32 6.42
2 21.45 25.05 20.60 25.20 23.38 22.42 23.02 4.60
3 25.40 22.39 20.36 28.44 21.50 25.75 23.97 8.08
4 20.32 24.73 24.05 27.32 22.71 22.32 23.58 7.00
5 25.61 24.56 27.53 27.81 25.54 29.54* 26.21 3.25
AunAY (39%) 24.22 5.87
wineme: * miatnd (Outliers) fudoyafifiamenaonanngu




< 1 a A @ @ {
AT WN.7 ﬂTﬁLﬂU"ﬁ}@Haﬂ"lﬂ'J"IﬂJWEJ"I“LIN'JT?]?’TJTNWH"I 10mm. ﬂmﬁﬂﬂuﬁ 320 MPa

3 ANNHEVAI (Ra) (uTasns)
i | dwiiz | dwis | dwita | dwdis | dwiie | auede | aide

1 27.16 23.34 25.90 27.51 20.20 26.69 25.13 7.31
2 25.06 22.62 29.87* 23.70 22.47 28.62 24.49 6.15
3 23.34 23.93 23.71 23.51 24.33 25.46 24.05 2.13
4 25.13 24.11 23.05 27.13 21.75 23.91 24.18 5.38
5 24.27 25.21 23.08 28.98 26.40 29.84 26.30 6.76

Aunde (53%) 24.83 5.55

WINoYA: * MAAUAA (Outliers) iilutoyaiiiawenssninngy

U

I 9 1 a { o o {
AT WN.8 ﬂWﬁlﬂ‘]JalJEna!aﬂ’lﬂ’)’luﬁﬂ’lﬂﬂ'ﬁﬁﬂ'ﬂﬂﬂu’l 10mm. ﬂmLNﬂu‘ﬁ 350 MPa

3 ANNHLIVAI (Ra) (IuTasns)
i1 | Awdi2 | dwdis | dwidia | dwidis | dwidie | awede | mnde
1 27.62 28.34 29.43 26.81 28.40 31.01* 28.12 2.62
2 30.25 31.78 3601 | 3059 25.09 22.89 28.12 8.88
3 28.01 25.69 35.73 25.66 24.61 25.19 27.48 1112
4 28.01 29.56 28.66 28.91 28.46 28.20 28.63 1.55
5 26.51 27.73 27.70 27.34 27.59 27.75 27.44 1.24
Aunde (53%) 27.96 5.08

1A a . I {1 '
nuave: * Halna (Outliers) Lﬂu%@maﬁﬁﬂ'luﬂﬂﬂﬂﬂmﬂﬂ@m

U




< ' a A @ o {
M1TNN.9 ﬂTiLﬂU%@HaﬂTﬂUTNWEﬂUW'J‘ﬁﬂf]"lll‘ﬂ‘hﬂ 13mm. ﬂULLi\‘]ﬂUﬁ 260 MPa

. ANNHEVAI (Ra) (ulasns)
Fun . - - . . , .
b4 = % = % = b4 = b4 = v = \ = 1 aw
munt1 | ;munz | iz | g | uis | une | aunde | aivae
1 31.22* 25.93 25.86 24.25 26.81 29.78 26.53 5.53
2 24.66 21.78 23.35 20.69 22.13 29.22 23.64 8.53
3 22.99 21.64 25.38 20.48 26.46 29.19 24.35 8.71
4 22.76 23.98 22.77 26.97 23.41 24.61 24.08 4.21
5 20.53 21.32 28.31 26.48 18.29" 23.06 23.94 778
AuNdY (5I4) 24.51 6.95

1A a . 3 {1 '
HWN8Le: * Halna (Outliers) Lﬂuﬂl@ua‘ﬁﬁﬂ’]uﬂﬂﬂﬂﬂﬂ’]ﬂﬂqm

U

< J A A @ o A
f1319N.10 ﬂ?ilﬂﬂﬂsljﬂil“ﬁﬂ']ﬂ'l'lilﬁﬂ”mN'Jﬁﬂ'ﬂll‘ﬂ‘lﬂ 13mm. ﬂﬂllﬁﬁﬂuﬁ 290 MPa

?;uﬁ ANUNYIVAD (Ra) ("lﬂﬂimm)

il | A2 | §wiis | dwia | §wits | dwdie | aunde | mide

1 20.63 22.03 29.75 33.01% | 23.32 22.70 23.68 9.13

2 24.42 26.22 29.19 32.57 26.65 34.79 28.97 10.37
3 30.99 26.29 27.02 27.56 26.72 25.71 27.38 5.28
4 22.02 21.56 18.47 23.64 19.50 17.50 20.45 6.14
5 28.82 28.26 27.99 33.77 28.24 28.03 29.18 5.79
AunAY (39%) 25.93 7.34

WINBIMA: * MAAUAA (Outliers) iiludoyaiiiawenasninngy

U
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< ' a A @ o {
MTNNN.11 ﬂTiLﬂU%@HaﬂTﬂUTNWEﬂUW'J‘ﬁﬂf]"lll‘ﬂ‘hﬂ 13mm. ﬂULLi\‘]ﬂUﬁ 320 MPa

%uﬁ ANNHEVAD (Ra) ('lsﬂﬂsmm)

i1 | Awdz | Awdis | dwidia | dwidis | dwidie | awmRe | mnde

1 27.09 26.62 30.05 29.60 25.96 22.61 26.99 7.44

2 27.73 27.56 28.88 28.59 26.61 26.13 27.58 2.75

3 26.58 25.80 27.42 31.77 21.03 28.70 26.88 10.74
4 24.62 23.57 34.43 24.83 23.48 28.07 26.50 10.95
5 22.82 24.61 28.61 24.56 26.10 24.62 25.22 5.79
AunAY (39%) 26.63 7.54

1A a . 3 {0 '
HWN8Le: * Halna (Outliers) Lﬂuﬂl@ua‘ﬁﬁﬂ’]uﬂﬂﬂﬂﬂﬂ’]ﬂﬂqm

U

< J A A @ o A
M1319N.12 ﬂ?ilﬂﬂ%ﬂgﬁﬂ?ﬂﬁ?ﬂﬁﬂ?ﬂN'Jﬁﬂ’ﬂll‘ﬂu'] 13mm. ﬂﬂllﬁﬁﬂuﬁ 350 MPa

2 ANUNILAI Ra) (luTasmmg)
Juiil | dwdi2 | dwdis | dwds | §wits | dwfie | awnde | Aviide

1 33.97 26.80 27.09 30.51 29.97 29.09 29.57 7.17
2 29.21 3142 | 3365 30.77 23.73 30.52 29.13 7.69
3 26.27 27.30 25.98 27.93 32.90 26.35 27.79 6.92
4 25.98 31.99 26.89 31.29 29.53 26.09 28.63 6.01
5 29.56 31.68 30.45 29.03 29.89 29.14 29.96 2.65

Aunde (53%) 29.02 6.09

WINBIMA: * MAAUAA (Outliers) iiutoyaiiiawenasninngy

LY



a3 2 { @ @ {
ATTN ﬂ.13ﬂ']ﬁlﬂuelsll@y]aHNLE&Q%@Q%uQWHﬁﬂ?W“W”W 7 mm. ﬂ‘ULL’i\iﬂuﬁ 260 MPa
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[

v a
AYNNIA (9917)

= S
HNPEIVDIB U (93711)

. MUY Mmuaa YNBYIVY DI
a = Q Q
PUN ,
(A) (B) =190-(A)| =190-(B)| Aundy | AiNay
Y Y Y Y
Nde | wmn | aywdng | yuun | 9w N %18 N
1 93.21 92.34 93.01 94.15* 3.21 2.34 3.01 4.15* 2.85 0.87
2 92.83 92.96 92.40 92.71 2.83 2.96 2.40 2.71 2.73 0.56
3 9329 | 9256 | 9181 | 9224 | 329" | 256 1.81 2.24 2.20 0.75
4 92.27 92.35 92.12 91.91 2.27 2.35 2.12 1.91 2.16 0.44
5 92.13 | 92.03 | 9258 | 91.58 | 2.13 2.03 2.58 1.58 2.08 1.00
ANNDY (5I3) 2.40 0.72
1 Aa a . I F) Aa '
WA * ARAUNA (Outliers) T udoyaniianwensenainng
< 9 = ay ~ 1Y) v A
A1519 N 14MINVVOYAYNIDIIVBIBFUNIUNANINHUT 7 mm. AULTIAUN 290 MPa
1 d‘u =S Qw
Myuiiia (3a1) HUIDHIVDITUIY (99711)
% \J =) = \
v MUY Muaa UNDYIVY NP
a = Q Q
Pun ,
(A) B) =190-(A)| =190-(B)| Aunay | miiay
Y Y Y Y
wndng | amn | aadne | yuun | dne N 18 N
| 90.12 89.64 93.16* 90.33 2.23 1.33 3.16* 1.74 1.77 0.90
2 87.90 | 91.82 | 91.62 | 91.90 | 2.10 1.82 1.62 1.90 1.86 0.48
3 88.59 91.41 94.10 88.86 1.41 1.41 2.37 1.66 1.71 0.96
4 87.46 | 9145 | 92.07 | 8852 | 2.08 1.45 2.07 1.48 1.77 0.63
5 88.47 | 9144 | 93.13 | 91.04 | 1.53 1.63 2.57 1.54 1.82 1.04
ARAY (573) 1.79 0.80

1A a I {
WIeme: * ARG (Outliers) Hudoyaninmensonainng

U




a3 2 { @ @ {
A1TN ﬂ.1Sﬂ']ﬁlﬂueﬂl@y]aHNLE&Q%@Q%uQWHﬁﬂ?W“W”W 7 mm. ﬂ‘ULL’i\iﬂuﬁ 320 MPa
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\ d‘u = :
My I (09911 HUIDEIVDITUIY (99711)
Y \J =S =S 1
. MUVU Muaa UNIDEIVY HNIDEIA
Fun ’ ’
A) (B) =190-(A)| =190-(B)| Aunay | miiay
Y Y Y Y
wnde | g | yudne | s | dhe N s N
1 91.03 | 92.80° | 8849 | 9101 | 1.03 | 280 | 151 1.01 1.18 0.50
2 89.03 | 9220 | 9132 | 9082 | 097 2.20 1.32 0.82 1.33 1.38
3 9147 | 88.76 | 88.13 | 9130 | 147 1.24 1.87 1.30 1.47 0.63
4 8839 | 92.84 | 8768 | 87.85 | 1.61 2.84 2.32 2.15 2.23 1.23
5 9298 | 8799 | 8882 | 9153 | 208 | 201 1.18 1.53 1.57 0.83
ANNDY (5I3) 1.56 0.91
WINome;: * MAend (Outliers) iutoyaiilinuenoeniinngy
< 9 = 2 A @ v A
A1319 N.16MINVVOYAYNIDIIVBIFUNIUNANINNUL 7 mm. AUUTIAUN 350 MPa
1 d‘u = Qw
Maguiiin (een) YUIDBIVDITUNIY (93711)
% \ =S = 1
24 MUVU Muaa DALY UGN
Pun ,
(A) (B) =190-(A)| =190-(B)| Aundy | AiNay
Y Y Y Y
wndne | aywn | ayndne | yuun | de n &1 N
| 9038 | 9050 | 91.03 | 89.74 | 1.03 0.50 1.03 1.56 1.03 1.06
2 89.07 | 89.58 | 9092 | 88.60 | 093 0.42 0.92 1.40 0.92 0.98
3 89.13 | 88.65 | 9092 | 9069 | 0.87 1.35 0.92 1.38 1.13 0.51
4 88.82 | 9431 | 9331 | 9106 | 118 | 431" | 331 1.06 1.85 225
5 87.90 | 9234 | 9156 | 9132 | 210 2.34 1.56 1.32 1.83 1.02
AuRaY (533) 1.35 1.16

1 Aa a a3 { 1
WIeme: * AAANA (Outliers) udoyaninuensonninngu

U




a3 2 { @ @ {
A1TN ﬂ.17ﬂ']3lﬂ1]619|l@u”aHNLE&Q%@Q%uQWHﬁﬂ?W“W”W 10mm. ﬂULL’iQﬂuﬁ%OMPa
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[

4 - 2
ﬂﬁglﬁ'ﬂﬂ (i’N?ﬂ) HN!(’)ENSUEN‘WHQ1H (mm)
% \ =S =S \
2 g MUY Mmuaa HMIDBIVY HNIDEBIA
Pun .
(A) (B) =190-(A)| =190-(B)| Aunay | miiay
Y Y Y Y
WNde | wnn | aywdng | yuun | dne N %18 N
1 91.96 | 92.13 | 92.14 | 9229 | 1.96 2.13 2.14 2.29 2.13 0.33
2 91.99 | 9255 | 9274 | 9274 | 1.99 2.55 2.74 2.74 2.51 0.75
3 9298 | 9241 | 9289 | 92.04 | 2.98 2.41 2.89 2.04 2.58 0.94
4 93.11 | 92.03 | 9256 | 9294 | 3.11 2.03 2.56 2.94 2.66 1.08
5 93.01 | 92.12 | 9213 | 9198 | 3.01 2.12 2.13 1.98 231 1.03
AuRaY (533) 2.44 0.83
<3 9 = ay ~ o v A
A1519 N.18MIINVVDYAYNIDIIVDIFUIIUNANNHU 10mm. NUUTIAUN 290MPa
\ d‘u =S Qw
ﬂ"l?;!?ﬁ’nﬂ (ﬂﬂﬁ"l) HN!E)ENEU@Q‘UH\HH (mm)
% \ =S = 1
s MUY Muaa MIDBIVY HNIDEBIA
FUN )
(A) (B) =190-(A)| =190-(B)| Aunay | mdiay
Y Y Y Y
WNde | wmun | aywdng | wuun | dne N 18 n
1 9132 | 91.79 | 91.66 | 92.15 1.32 1.79 1.66 2.15 1.73 0.83
2 90.73 | 91.87 | 9135 | 9125 | 0.73 1.87 1.35 1.25 1.30 1.14
3 91.09 | 8893 | 8770 | 9230 | 1.09 1.07 2.30 2.30 1.69 1.23
4 88.92 | 92.86 | 8821 | 9144 | 1.08 2.86 1.79 1.44 1.79 1.78
5 87.98 | 9240 | 88.64 | 89.02 | 2.02 2.40 1.36 0.98 1.69 1.42
ANNDY (5I3) 1.64 1.28




a3 2 { @ @ {
A1TN ﬂ.19ﬂ']3lﬂ1]619|l@u”aHNLE&Q%@Q%uQWHﬁﬂ?W“W”W 10mm. ﬂ‘ULL’i\iﬂuﬁ 320MPa
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[

v a
AYNNIA (99917)

= S
HNPUIVDIB U (93711)

2 g AUUY Muag HMIDBIVY HNIDEBIA
Fuh ,
(A) (B) =190-(A)| =190-(B)| Aunde | Miae
YV Y YV Y
WNde | wnn | aywdng | yuun | dne N 1) N
1 o1.11 | 9225 | 9132 | 9156 | 1.11 2.25 1.32 1.56 1.56 1.14
2 88.06 91.80 91.94 91.10 1.94 1.80 1.94 1.10 1.70 0.84
3 91.69 | 91.83 | 8825 | 88.19 | 1.69 1.83 1.75 1.81 1.77 0.14
4 90.91 91.43 88.83 91.24 0.91 1.43 1.17 1.24 1.19 0.52
5 91.21 91.21 91.15 88.91 1.21 1.21 1.15 1.09 1.17 0.12
ANNDE (5I3) 1.48 0.55
< Y = ay ~ o v A
A1519 N.20MIINVVDYAYNIDIIVDIFUIIUNANNHUI 10mm. NUUTIAUN 350MPa
1 d‘u = Qw
My I (0991) YUIBEIVOITUIIY (99711)
v v = a v
. MUUU Mmuaa NIDELIVY DEA
a = Q Q
Fuh .
(A) (B) =90-(A)| =190-(B)| Aunde | Amiae
Y Y Y Y
Wnde | wmn | awdne | wuun | dne RN 1) N
1 9155 | 9133 | 9148 | 9123 | 155 1.33 1.48 1.23 1.40 0.32
2 91.67 | 9128 | 9125 | 9084 | 1.67 1.28 1.25 0.84 1.26 0.83
3 91.38 91.20 91.53 91.05 1.38 1.20 1.53 1.05 1.29 0.48
4 91.09 | 9074 | 91.02 | 9144 | 1.09 0.74 1.02 1.44 1.07 0.70
5 91.52 89.02 88.75 91.02 1.52 0.98 1.25 1.02 1.19 0.54
AuRaY (533) 1.24 0.57




< 2 . @ Y !
A1TN ﬂ.21miLﬂ‘UsngjmJ“mgiJL%t’Jwawuﬂm‘ﬁﬂQW‘Hm 13mm. ﬂ‘ULLﬁ\W‘IUﬁ 260MPa
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v a
AYNNIA (99917)

= S
HNPUIVDIB U (93711)

2 g AUUY Muag HMIDBIVY HNIDEBIA
Fuh ,
(A) (B) =190-(A)| =190-(B)| Aunde | Miae
YV Y YV Y
WNde | wnn | aywdng | yuun | dne N 1) N
1 93.85 92.91 86.86 91.73 3.85 291 3.14 1.73 291 2.12
2 87.95 88.75 86.90 91.80 2.05 1.25 3.10 1.80 2.05 1.85
3 92.01 | 92.01 | 9448 | 88.08 | 2.01 2.01 1.94 1.92 1.97 0.09
4 92.57 93.30 86.87 92.72 2.57 3.30 3.13 2.72 2.93 0.73
5 93.10 87.64 92.79 92.03 3.10 2.36 2.79 2.03 2.57 1.07
ANNDE (5I3) 2.49 1.17
< 9 & { [ @ {
AT ﬂ.22m'§m‘mmu“aQML%EJW@WWmﬁmmwm 13mm. ﬂ‘ULLNﬂuﬁ 290MPa
1 d‘u = Qw
My I (09911) YUIBEIVOITUIIY (99711)
b4 \ = =S \
. MUVH Muaa UNIDEIVY WNDEA
Yun ¥ : ,
(A) (B) =90-(A)| =190-(B)| Aunde | Amiae
Y Y Y Y
Wnde | wmn | awdng | yuun | dne N 1) N
1 9239 | 9155 | 9227 | 8890 | 239 1.55 227 2.87 227 1.32
2 88.14 | 9151 | 9260 | 9042 | 18 | 192 | 260 | 249 222 0.74
3 86.92 | 9146 | 9231 | 9213 | 267 1.77 231 2.13 2.22 0.90
4 87.71 91.67 87.84 88.16 2.29 1.83 2.16 2.37 2.16 0.54
5 87.71 88.63 92.06 92.44 2.29 1.89 2.06 2.44 2.17 0.55
ANNDE (5I3) 221 0.81




a3 2 { @ @ {
A1TN ﬂ.23ﬂ']ﬁlﬂuelsll@y]aHNLE&Q%@Q%uQWHﬁﬂ?W“W”W 13mm. ﬂ‘ULL’i\iﬂuﬁ 320MPa
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[

v a
AYNNIA (99917)

= S
HNPUIVDIB U (93711)

% % 1 =S =S \
' MUDY Mmuan HMIDYILY HNIDYIAN
U ,
(A) (B) =190-(A))| =190-(B)| Aundy | AiNay
YV Y YV Y
WNGE |y | ayndne | s | dne N 418 n
1 88.48 92.21 92.20 91.41 1.52 2.21 2.20 1.41 1.83 0.80
2 91.42 92.32 92.30 91.73 1.42 2.32 2.30 1.73 1.94 0.90
3 87.02* 92.13 91.88 91.57 2.98* 2.13 1.88 1.57 1.86 0.56
4 91.68 91.99 92.09 91.80 1.68 1.99 2.09 1.80 1.89 0.41
5 88.66 92.02 91.86 91.59 1.34 2.02 1.86 1.59 1.70 0.68
AuRaY (533) 1.85 0.67
WINome: * MAend (Outliers) iutoyahilinuenosninngy
< 9 & { [ @ {
AT ﬂ.24ﬂ']3!ﬂ‘1J61J@3J“aMML%EN%J@\T‘D’HQ']H%?]T]N‘WU'] 13mm. ﬂmﬁmuﬁ 350MPa
1 d‘u = Qw
AN (2371) HUIDEHIVDIT UM (29711)
% \ = =S \
v MUVY Mua YNBEIVY NP
Fun ¥ : ,
(A) (B) =190-(A))| =190-(B)| Aunde | Amiae
Y Y Y Y
WNde | | awdne | s | dne N %18 n
1 87.75 92.59 91.71 88.33 1.68 1.77 1.71 1.67 1.71 0.10
2 92.49 91.66 91.71 91.43 1.85 1.66 1.71 1.43 1.66 0.42
3 88.61 91.95 91.77 91.70 1.39 1.95 1.77 1.70 1.70 0.56
4 88.73 92.97 91.98 88.62 1.27 1.86 1.98 1.38 1.62 0.71
5 91.49 91.63 88.47 91.87 1.49 1.63 1.53 1.87 1.63 0.38
AuRaY (533) 1.67 0.43




< o 4 o A @ Y !
A1TN ﬂ.25ﬂ']5lﬂ1]5ﬁjf]ylaﬂ'ﬁ']ﬂﬂ’J'INQ’\‘]ﬂacl!i@ﬂﬂﬂﬁﬂj']uﬁu'] 7 mm. ﬂ‘ULLﬁ\W‘IUﬁ 260 MPa

mmgmﬁmaaé‘fﬂ Glaguns)

St Gt | dudiz | &wdis | &wiie | dwede | dadausunde miae
AUANNHU

1 3.72 3.90 4.20 3.05 3.72 0.53 1.15
2 431 4.61 3.94 4.65 4.38 0.63 0.71
3 4.20 4.96 4.56 4.52 4.56 0.65 0.76
4 3.59 3.97 433 3.65 3.89 0.56 0.74
5 3.97 3.09 4.01 426 4.08 0.58 0.29

Mimds (53%) 4.12 0.59 0.73

1A a . 3 {0 '
HWN8Le: * Halna (Outliers) Lﬂuﬂl@ua‘ﬁﬁﬂ’]uﬂﬂﬂﬂﬂﬂ’]ﬂﬂqm

< o 4 o A @ o !
A1TN ﬂ.26ﬂ15lﬂ‘]_]6ﬂ}’[’)1]“aﬂTﬁaﬂﬂ’JTNQ’QﬂaclJiﬂﬂﬂﬂﬁﬂ’J']llcﬁuﬁl 7 mm. ﬂﬂllﬁ\jﬂuﬁ 290 MPa

U

d’ e a A
ANNTINAUIDEUNN (Naaruns)

Jui Swit1 | &wiiz | &wiis | &wdia | dunde | dadausunie minae
AUANNHIN

1 4.03 3.47 4.84 3.62 3.9 0.57 1.37
2 5.06 5.09 481 4.99 4.99 0.71 0.28
3 3.59 4.17 3.70 3.35 3.70 0.53 0.82
4 3.51 3.12 3.94 3.55 3.53 0.50 0.82
5 3.58 3.44 3.76 426 3.76 0.54 0.82

Minde (33%) 3.99 0.57 0.82
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< o 4 o A @ Y !
A1TN ﬂ.27ﬂ']5lﬂ1]5ﬁjf]ylaﬂ'ﬁ']ﬂﬂ’J'INQ’\‘]ﬂacl!i@ﬂﬂﬂﬁﬂj']uﬁu'] 7 mm. ﬂ‘ULLﬁ\W‘IUﬁ 320 MPa

mmgmﬁmaaé‘fﬂ Glaguns)

Suft | Andi1 | dwiiz | dwdis | dwdia | mwede | dadousueds | M
AUANNHIN

1 492 4.65 442 4.62 4.65 0.66 0.50
2 4.61 2.62 4.55 4.74 4.13 0.59 2.12
3 4.40 441 4.23 4.55 4.40 0.63 0.32
4 4.44 4.79 4.20 4.33 4.44 0.63 0.59
5 3.42 3.73 391 3.85 3.73 0.53 0.49

Mimds (53%) 4.27 0.61 0.80
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§ d 9} v 4 v { U Q {
A15190N ﬂ.28ﬂ'l§Lﬂ°]J6U’Oll“ﬁﬂ15'3ﬂﬂ’J'lm;f\‘lﬂauiﬁlﬁmﬂ‘ﬁﬂ’ﬂiJﬂu1 7 mm. nuusIaun 350 MPa

ANNgInausoana (aamns)

[ v

Sud | Andi1 | dwiiz | dwdis | dwidia | e | Sadousueds | miide
AUANNHIN

1 4.67 4.61 4.42 426 4.49 0.64 0.41
2 4.46 4.55 4.04 4.46 438 0.63 0.51
3 4.61 4.48 433 4.46 447 0.64 0.28
4 4.45 4.14 4.17 3.82 4.15 0.59 0.63
5 431 4.48 4.42 4.52 4.43 0.63 0.21

mimds (53%) 4.38 0.63 0.41




< o 4 o A @ Y !
A1TN ﬂ.29ﬂ']5lﬂ1]5ﬁjf]ylaﬂ'ﬁ']ﬂﬂ’J'INQ’\‘]ﬂacl!i@ﬂﬂﬂﬁﬂj']uﬁu'] 10 mm. ﬂllllﬁ\?ﬂ”ﬁ260 MPa

mmgmﬁmaaé‘fﬂ Glaguns)

Suft | Andi1 | dwiiz | dwdis | dwdia | mwede | dadousueds | M
AUANNHIN

1 5.09 492 5.31 5.23 5.14 0.51 0.39
2 5.32 5.03 5.31 5.28 5.24 0.52 0.29
3 5.63 5.20 5.71 5.69 5.56 0.56 0.51
4 6.91 6.32 6.87 6.32 6.61 0.66 0.59
5 6.21 5.89 5.78 5.83 5.93 0.59 0.43

Mimds (53%) 5.69 0.57 0.44
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< Y 4 o A @ o !
1IN N.30 ﬂ'lﬁlﬂ‘]_lslsl}’[’)il“aﬂTﬁ'Jﬂﬂ'niJQ’Qﬂau5'ﬂﬂﬂﬂﬁﬂ’J']llcﬁuﬁl 10 mm. ﬂﬂllﬁ\jﬂuﬁ 290 MPa

d‘ e a A
ANNTINAUIBEUNN (Naaruns)

Bui it | dudiz | dwdis | dwiie | dwede | Sadousunde | mivds
UANNHIN

1 5.12 6.11 5.54 5.67 5.61 0.56 0.99
2 532 5.06 5.64 5.34 5.34 0.53 0.58
3 5.46 5.03 5.06 4.57 5.03 0.50 0.89
4 5.67 5.02 5.24 5.03 5.24 0.52 0.65
5 6.01 5.69 5.64 5.78 5.78 0.58 0.37

Minde (33%) 5.40 0.54 0.70
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< o 4 o A @ Y !
A1TN ﬂ.31ﬂ'ﬁlﬂusﬁjﬂy.aﬂ'ﬁ']ﬂﬂ’J'INQ’\‘]ﬂacl!i@ﬂﬂﬂﬁﬂj']uﬁu'] 10 mm. ﬂ‘ULLﬁ\W‘IUﬁ 320 MPa

mmgmﬁmaaé‘fﬂ Glaguns)

2 4 Yy A 3 Y A Yy A VA o 1 VoA ' Aw

Fun | w1 | mwunz | awn3 | sung | aunae FaaIunuRe minae
AUANNHIMN

1 5.68 5.74 5.88 5.67 5.74 0.57 0.21

2 5.79 5.99 5.68 5.75 5.80 0.58 0.31

3 6.13 5.54 5.16 5.98 5.70 0.57 0.97

4 5.85 5.74 5.83 6.21 5.91 0.59 0.47

5 6.31 5.47 5.36 5.76 5.73 0.57 0.95

AANDY (5I%) 5.78 0.58 0.58

< Y 4 o A @ o !
A1TN ﬂ.32ﬂ15lﬂ‘]_]6ﬂ}’[’)1]“aﬂTﬁaﬂﬂ’J']iJQ’Qﬂau5'ﬂﬂﬂﬂcﬁﬂ’J']llcﬁuﬁl 10 mm. ﬂULlﬁQﬂuﬁ:;SO MPa

ANNgInausoana (Haamns)

2 A ~ P Yy ' ~ o v = " Aaw

Tun | munt | awnz | mun3 | mung | auaae aagIun IR Qe mnae
AUANINHIM

1 591 5.94 5.55 6.35 5.94 0.59 0.80

2 6.50 6.60 6.70 6.60 6.60 0.66 0.20

3 5.64 6.35 6.48 5.12* 6.16 0.62 0.84

4 5.74 6.05 5.67 6.16 591 0.59 0.49

5 6.77 6,53 6.38 6.00 6.38 0.64 0.77

AuNde (5I3) 6.20 0.62 0.62

1A a . I {1 '
nuave: * Halna (Outliers) Lﬂu%@uaﬁﬁﬂ'luﬂﬂﬂﬂﬂmﬂﬂ@m

U



< o 4 o A @ Y !
A1TN ﬂ.33ﬂ']5lﬂ1]5ﬁjf]ylaﬂ'ﬁ']ﬂﬂ’J'INQ’\‘]ﬂacl!i@ﬂﬂﬂﬁﬂj']uﬁu'] 13 mm. ﬂllllﬁ\?ﬂ”ﬁ260 MPa

mmgmﬁmaaé‘fﬂ Glaguns)

sud | dndi1 | gz | dndis | dwdia | dwede | Sadousueds | miide
AUANNHIN

1 7.12 6.91 6.99 7.47 7.12 0.55 0.56
2 7.00 7.11 6.25 6.36 6.68 0.51 0.86
3 6.75 7.01 6.92 6.32 6.75 0.52 0.69
4 6.87 6.39 6.62 6.60 6.62 0.51 0.48
5 8.84 8.17 7.12 7.79 7.98 0.61 1.72

Mimds (53%) 7.03 0.54 0.86

d 9} v 4 o { U Q {
GﬂiNﬂ.34ﬂ'l§Lﬂ°]J6U’Oll“ﬁﬂﬁ3@ﬂ31ugﬁﬂ§uiﬂﬂﬁﬂﬁﬂ’ﬂhﬂu1 13 mm. ﬂ‘]JLLi\‘iﬂ‘Llﬁ290 MPa

d‘ e a A
ANNIINAUITBENN (Naaruns)

i v

sui | dwi1 | iz | dwiis | dwdia | awede | dadoumeds | midide
AUANNHIUN

1 7.32 7.52 7.24 7.60 7.42 0.57 0.36
2 6.84 6.60 6.00 6.48 6.48 0.50 0.84
3 4.83 533 4.49 4.68 4.83 0.37 0.84
4 6.84 7.01 6.20 474 6.20 0.48 2.27
5 7.42 7.52 7.23 7.71 7.47 0.57 0.48

mimds (53%) 6.48 0.50 0.96
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< o 4 o A @ Y !
A1TN ﬂ.35ﬂ']5lﬂ1]5ﬁjf]ylaﬂ'ﬁ']ﬂﬂ’J'INQ’\‘]ﬂacl!i@ﬂﬂﬂﬁﬂj']uﬁu'] 13 mm. ﬂ‘ULLﬁ\W‘IUﬁ 320 MPa

mmgmﬁmaaé‘fﬂ Glaguns)

sud | dndi1 | gz | dndis | dwdia | dwede | Sadousueds | miide
AUANNHIN

1 7.66 6.82 7.32 7.21 7.25 0.56 0.84
2 7.05 7.32 7.22 7.01 7.15 0.55 0.31
3 7.03 7.25 7.12 6.93 7.08 0.54 0.32
4 7.32 7.97 7.04 6.76 727 0.56 1.21
5 7.14 7.11 7.50 7.40 7.29 0.56 0.39

Mimds (53%) 7.21 0.55 0.61

d 9} o 4 o { U Q {
13719 N.36 ﬂ'liLﬂ“]JeU’E]ll“ﬁﬂ15'3ﬂﬂ?1ﬂgﬂﬂ§uiﬂﬂﬁﬂﬁﬂ’ﬂuﬂu1 13 mm. ﬂ‘]JLLi\‘iﬂ‘Llﬁ?»SO MPa

ANNgInausoana (aamns)

suit | dudi1 | iz | &wiis | &wiia | dunde | dadausunde miae
UANNHIN

1 7.86 7.55 7.47 7.85 7.68 0.59 0.39
2 6.67 6.39 6.91 7.66 6.91 0.53 1.27
3 6.55 6.36 6.41 6.89 6.55 0.50 0.53
4 8.65 7.28 8.08 8.30 8.08 0.62 1.37
5 8.48 8.20 8.47 8.72 8.47 0.65 0.52

Mimds (53%) 7.54 0.58 0.82
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< Y o A @ @ {
A1TN ﬂ.37ﬂ']5lﬂuslijf]u"afnﬁ']ﬂﬁf]ﬂl!ﬁﬂ%l']'lﬁﬂflﬂﬂﬁﬂﬁ'luwu'] 7 mm. ﬂ‘ULL’Nﬂuﬁ 260 MPa

msdasesunniiseuna (Naamns)
.. sz linases3 Fu1AN313

Buh ,

\ = \ =\ W
MU Mue mupna | Muen = AunaY mnay
A) (B) =15-(A) 35-(B)

1 14.07 33.95 0.93 1.05 0.99 0.12
2 13.93 33.87 1.07 1.13 1.10 0.06
3 13.87 33.99 1.13 1.01 1.07 0.12
4 14.17 33.83 0.83 1.17 1.00 0.34
5 14.26 33.73 0.74 1.03 0.89 0.29
AN (5IN) 1.01 0.19

3 9 o 9 o A o v A
A1 N ﬂ.38ﬂ'l§l,ﬂ'1_lellﬂll“ﬁﬂ?iﬂ@iﬁ]ﬂlmﬂi'l')ﬁ'é]ﬂ@]@ﬁﬂ’)'lﬂ'ﬂﬂ? 7 mm. ﬂULLﬁQﬂu‘ﬁ 290 MPa

msiasesunninsesna (Naauns)
., szazlinases3 1 seaAN31I

Bun ,

J =S ' av
MU Mmue Mmune | uen = | Aunad mnay
(A) (B) =15-(A) 35-(B)

1 14.00 33.73 1.00 1.27 1.14 0.27
2 14.14 33.87 0.86 1.13 1.00 0.27
3 14.00 34.18 1.00 0.82 0.91 0.18
4 14.02 33.73 0.98 127 1.13 0.29
5 13.93 33.89 1.07 1.11 1.09 0.04
ANRaE (53%) 1.05 0.21
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< Y o A @ @ {
A1TN ﬂ.39ﬂ']5lﬂuslijf]u"afnﬁ']ﬂﬁf]ﬂl!ﬁﬂ%l']'lﬁﬂflﬂﬂﬁﬂﬁ'luwu'] 7 mm. ﬂ‘ULL’Nﬂuﬁ 320 MPa

msiasesunninsesna (Naauns)
.. szazlihases3n seEUAN31Y

Buh )

v =S ' av
Mmunig MU mune | duen AuRaY Mgy
(A) (B) =15-(A) 35-(B)

1 14.20 34.00 0.80 1.00 0.90 0.20
2 14.00 33.67 1.00 1.33 1.17 0.33
3 13.53 33.73 127 127 127 0.00
4 14.33 34.13 0.87 0.87 0.87 0.00
5 14.27 33.67 0.73 1.33 1.03 0.60
Aunde (5I4) 1.05 0.23

3 9 o 9 o A o o A
A1 N ﬂ.40ﬂ15lﬂﬂ5]]633|jaﬂ'li’)ﬂi't’]ﬂll@]ﬂi??iﬂﬂﬁﬂﬁﬂﬂ'lhﬂu'l 7 mm. ﬂ‘]JLlfJ\?ﬂuﬁ 350 MPa

m3dasesunn3iseuda (Naamns)
.. szazhinaseosin seEMAN3

Bui ,

\ = T Aaw
Mmunna Mue mupna | muen RRREH mnay
(A) (B) =15-(A) 35-(B)

1 13.88 33.93 1.12 1.07 1.10 0.05
2 14.00 33.73 1.00 1.27 1.14 0.27
3 13.87 33.78 1.13 1.22 1.18 0.09
4 14.07 33.80 0.93 1.20 1.07 0.27
5 14.00 33.80 1.00 1.20 1.10 0.20
AUNDE (5I%) 1.11 0.18




a3 Y o A @ Y !
A1TN ﬂ.41ﬂ']ﬁlﬂlllélsll@u”afnﬁ’)ﬂﬁ@ﬂllﬂﬂ%qjﬁaﬂﬁﬂﬁﬂqquﬁu'] 10 mm. ﬂllllﬁ\?ﬂ”ﬁ260 MPa

msiasesunninsesnna (Naauns)

.. szazluhases3n sREUAN31Y

Bun )

v =S 1T Aawv
MunNa Muen? munie | Muen = R mnay
A) (B) =15-(A) 35-(B)

1 13.63 33.80 1.37 1.20 1.29 0.17
2 13.78 33.93 1.22 1.07 1.15 0.15
3 13.60 33.87 1.40 1.13 127 0.27
4 13.87 33.73 1.13 127 1.20 0.14
5 13.73 34.13 127 1.17 1.22 0.10
Aunde (5I3) 1.22 0.17

s 9 o 9 o A o o A
A1 N ﬂ.42ﬂ15lﬂﬂ5]]633|jaﬂ'li’)ﬂi@ﬂll@]ﬂi'l’)ii’]ﬂﬁﬂﬁﬂ'ﬂhﬂu'l 10 mm. ﬂ‘]_ll,lj\‘iﬂuﬁ290 MPa

msiasesunninsesna (Naauns)

L. szazlihases3 sPUUAN31Y

Bun ,

J =S 1 Aaw
MunINa MU MmupNa | e = ARay mway
A) (B) =15-(A) 35-(B)

1 13.73 33.45 1.27 1.55 1.41 0.28
2 13.87 33.53 1.13 1.47 1.30 0.34
3 13.60 33.81 1.40 1.19 1.30 0.21
4 13.86 33.60 1.14 1.40 127 0.26
5 13.83 34.05 1.17 0.95 1.06 0.22
ANDY (5I) 1.27 0.26
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a3 Y o A @ Y !
A1TN ﬂ.43ﬂ']ﬁlﬂlllélsll@u”afnﬁ')ﬂﬁ@ﬂllﬂﬂ%qjﬁaﬂﬁﬂﬁﬂqquﬁu'] 10 mm. ﬂ“]JLLNﬂuﬁﬂO MPa

msiasesunninsesnna (Naauns)

.. szazlihases3n seEUAN31Y

Buh )

v =S ' av
Mmunig MU mune | dwenn = | AunRal Mgy
(A) (B) =15-(A) 35-(B)

1 13.91 33.80 1.09 1.20 1.15 0.11
2 13.40 33.78 1.27 1.22 1.25 0.05
3 13.87 33.47 1.13 1.53 1.33 0.40
4 13.60 33.87 1.40 1.13 127 0.27
5 15.00 33.60 1.53 1.40 1.47 0.13
AANDE (5I%) 1.29 0.19

IS o o A @ o !
A1TN ﬂ.44ﬂ13lﬂﬂ%@uﬂaﬂ'ﬁjﬂi@ﬂllﬂﬂ%ﬁjﬁﬂﬂﬁﬂﬁﬂaqﬂﬁuq 10 mm. ﬂﬂllﬁ\jﬂuﬁ350 MPa

Y 14 LY a a
N13IATVLUUANINITRUAA (NAAINAT)

., szazlinases3 seaIAN31I

Buh ,

\ = T Aaw
munna Mue mupna | muenn = RRREH mnay
(A) (B) =15-(A) 35-(B)

1 13.60 33.53 1.40 1.47 1.44 0.07
2 13.87 33.59 1.13 1.41 127 0.28
3 13.53 33.93 1.47 1.07 127 0.40
4 13.53 33.60 1.47 1.40 1.44 0.07
5 13.79 33.93 1.21 1.07 1.14 0.14
ANDY (5I) 1.31 0.19
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< Y o A Y v A
M3 N.4sManuYeyamsinsesuani1seeaainuKLT 13 mm. AULTIRUAN 260 MPa

v v Y a A
N13IATVLUUANINITOUAA (NAAINAT)

.. szazluhases3n seEUAN31Y

Buh ,

\ = \ =\ W
MunNa Mue? munie | Muen = Aunae mnay
A (B) =15-(A) 35-(B)

1 14.13 34.27 0.87 0.73 0.80 0.14
2 14.25 34.15 0.75 0.85 0.80 0.10
3 14.07 34.20 0.93 0.80 0.86 0.13
4 14.13 34.27 0.87 0.73 0.80 0.14
5 14.01 34.26 0.90 0.74 0.82 0.16
AuNde (5IN) 0.82 0.13

IS Y o A @ o !
A1TN ﬂ.46ﬂ13lﬂﬂ%@uﬂaﬂ'ﬁjﬂi@ﬂllﬁﬂ%ﬁjﬁﬂﬂﬁﬂﬁﬂaquﬁuq 13 mm. ﬂﬂllﬁ\jﬂuﬁ 290 MPa

msiasesunninseuna (Naauns)

L. szazlihases3n TPUUAN31I

Bun ,

J =S 1 Aaw
MunINa MU MmupNa | muem = ARay mway
A) (B) =15-(A) 35-(B)

1 14.27 34.07 0.73 0.93 0.83 0.20
2 14.20 34.20 0.80 0.80 0.80 0.00
3 14.47 34.40 0.53 0.60 0.57 0.07
4 13.80 34.47 1.20 0.53 0.87 0.67
5 13.67 33.82 1.33 1.18 1.26 0.15
ANy (5I4) 0.86 0.22
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a3 Y o A @ Y !
A1TN ﬂ.47ﬂ']3lﬂ1]619|l@u”afnﬁ')ﬂﬁ@ﬂllﬂﬂ%qjﬁaﬂﬁﬂﬁﬂqquﬁu'] 13 mm. ﬂ‘ULLﬁ\W‘IUﬁ 320 MPa

msiasesunninsesna (Naauns)

.. szazluhases3n seEUAN31Y

Buh )

v =S 1T Aav
MunNa Muen? munie | Muen = QR mnay
(A) (B) =15-(A) 35-(B)

1 13.96 34.16 1.04 0.84 0.94 0.20
2 13.98 34.66 1.02 0.34 0.68 0.68
3 13.99 33.99 1.01 1.01 1.01 0.00
4 14.24 34.17 0.76 0.83 0.80 0.07
5 14.01 33.90 0.99 1.10 1.05 0.11
Aunde (5I3) 0.89 0.21

S 9 o 9 o A o o A
A1 N ﬂ.48ﬂ15lﬂﬂ5]]633|jaﬂ'li’)ﬂi@ﬂll@]ﬂi'l’)i’i]ﬂﬁﬂﬁﬂ?'lhﬂu'l 13 mm. ﬂ‘]JLlfJ\?ﬂuﬁ 350 MPa

v 14 LY a a
N13IATVYUUANINITDUAA (NAAINAT)

.. szazhinaseosin seENAN3

Bui ,

\ = 1 aAav
MU MU Mmune | uem = |  Aunae mway
(A) (B) =15-(A) 35-(B)

1 14.07 34.06 0.93 0.94 0.94 0.01
2 14.27 34.08 0.73 0.92 0.83 0.19
3 14.00 34.33 1.00 0.67 0.84 0.33
4 13.86 34.40 1.14 0.60 0.87 0.54
5 13.98 34.00 1.02 1.00 1.01 0.02
AANDE (5I%) 0.90 0.22
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3 3 3 1 1 260 13 2726 233 039 047
4 4 4 1 1 280 1 1864 139 057 114
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Analysis of Variance

Source
Model
Linear
Water pressure
Thickness
2-Way Interactions
Water pressure*Thickness
Error
Total

Model Summary

DF
11

D O N W O

48
59

Adj SS
740.6
617.5
401.2
216.3
123.1
123.1
321.1

1061.7

S R-sq R-sq(adj) R-sq(pred)
52.74%

2.58655 69.75% 62.82%

Adj MS F-Value P-
67.325 10.06
123.499 18.46
133.748 19.99
108.125 16.16
20.514 3.07
20.514 3.07
6.690

Value
0.000
0.000
0.000
0.000
0.013
0.013
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Pump & Nozzle Configuration
Timning Setup for Specific Transtions: [Mote: All unite are in 'S econds")
High Pressure Low Pressure
Cut: Delay after nozzle fires before abrasive tums on; |0.2 0.2
Additional delaw to allow et ta stabilize befare proceeding: |U.5 |U.5
Tire to clear abrasive from nozzle when finizhed cutting: |D.5 ||:|.5
(=0etie Delay after nozzle fires before abrasive tums on; |0.2 0.2
Additional delay to allow jet to stabilize before proceeding to start; |U.3 |EI.3
Time to run nozzle after etch to clear abrasive from nozele: |D.5 ||:|.5
Scubes Delay after nozzle fires before moving: |01 6.1
Water Only: Delay after nozzle fires before moving: |'| |1
Traverse: Seconds to wait after shutdown before traverse: |1 |1
Other: Pump warm up delay before first move:  [3
T N WY [y gy P
PG PIEssdie 0 Loy QIgssdic Qoiay, |j
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ABSTRACTThis paper presents factors that effect to
surface property of ceramic cutting by using an abrasive
water jet. The water pressures and the ceramic
thicknesses have been assigned to investigate a kerf
wave, a surface roughness and a cracking of ceramic. In
the experiment, the water pressures 260 MPa, 290 MPa,
320 MPa, and 350MPa were applied to cut ceramic plate
with thickness 7 mm, 10 mm and 13 mm, The surface
qualities were analyzed by using a scanning Electron
Microscope (SEM).The results showed that there were
the relationship between the water pressure and a kerf
wave height.

1. INTRODUCTION

Alumina ceramic is a popular material in many
industrials such as a space industry, an electrical industry
and medical industry. Its main properties are heat
resistant, a chemical erosion resistant and an electrical
insulator. There are two forming processes for this
material: a compression molding and a slip casting.
Moreover, there are three cutting processes for alumina
ceramic: diamond cutting, laser cutting and water jet
cutting. Those three processes are compared based on
cutting velocity, dimension accuracy and price.

For water jet cutting, an erosion rate had been
considered to compare with model strength, material
gain size and cracking (Jiyue Zeng and Thomass).kim,
1995). Tn order to determine size and radius of ceramic
cracking, the water pressure and diameter of nozzle (Gi
sand choi & Giheung, 1996) and the propagation have
been utilized to forecast (M.wakuda, et al.,, 2001 and
Manabu et al.,2003).A ceramic surface roughness has
been also improved 30% by using a vibration nozzle
technique (L.chen,et al.,1998), Tn order to apply water jet

to cut ceramic, the related parameters, increase pressure
while reduce abrasive velocity were established to
increase productively by 4% (A.A.Abdel-Rahaman &
A.A Ei - Domiaty,1998). Moreover, a tool path planning
for ceramic cutting that was cut material along same
direction with the constant velocity 3.33 mm/s presented
a good surface roughness (J.wany&D.M.Cuo,2002). In
order to improve process parameters for ceramic cutting
using abrasive water jet technique, there are several
researches that were established (P.Gudimetla,

et al.,2002, YukihikoYamauchi & ShuzoKanZaki,2002, J.

Wang, 2006, Ushasta, et al,2014, Derzija
Beaic—Hajdarevic, et al., 2014, M.Hshish, et al., 1996
and LM. Hiavac, et al,2009). Those researchers
experimented by using alumina ceramic that was created
by compression molding.

This paper presents factors that effect to surface
property of ceramic cutting by using an abrasive water
jet in which the ceramic is formed by slip casting. The
water pressures and the ceramic thicknesses have been
assigned to investigate a kerf wave, a surface roughness
and a cracking of ceramic.

2. EXPERIMENTAL PROCEDURE

There are two factors that are investigated on this
experimenter: water pressure and thickness of ceramic
produced by slip casting. The water pressures 260 MPa,
290 MPa, 320 MPa, and 350MPa were applied to cut
ceramic plate with thickness 7 mm, 10 mm and 13 mm.

The Abrasive water jet Machining (AWIM) used in
the experiment, MAXIEM Water Jet Model 1530 type,
as shown in Figure 1. In this experiment, 95% alumina
ceramic casting type of 150 mmx150 mm were used as
specimens in the form of plates, in which the relevant
properties of ceramic are listed in Table 1. The size of
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specimens equal 15 mmx35 mm., as shown in Figure 2.
Trial cuts were conducted at recommended rates
(P.Gudimetla,et al.,2002)and the range of values for the
parameters were established. The water pressure was
varied between 290 and 380 MPa, in steps of 30 MPa,
thickness varied between 7 and 13 mm. All other
parameters were kept constant using the standard system
configuration: orifice diameter = 0.25 mm., mixing tube
diameter 0.7mm,Q3 of surface quality, 80 mesh garnet
sand for the abrasive, 2mm of stand-off distance between
the nozzle and workpiece (.368 kg/min of abrasive flow
rate and traverse speed at 0.265 mm/s. The cutting
conditions were controlled as following: 80 mesh gamet
sand for the abrasive, 2 mm of stand-off distance
between the nozzle and workpiece, 0.25 mm of orifice
diameter, 0.7 mm of nozzle diameter, Q3 of surface
quality, 0.368 kg/min of abrasive flow rate and traverse
speed at 0.265 mm/s. The surface qualities were
analyzed by using a scanning Electron Microscope
(SEM), as shown in figure 3.

Table | Material properties of the alumina ceramic

Material property Value
High purity grades 99.5% Al,0;
Sintering temperature (°C) 1700
Density(g/em®) 375
High bending strength(MPa) 285

Figure 1: Abrasive water jet Machining (AWIM)

X

35mm

Figure 2: The size of specimens, when x is ceramic
thickness

Figure 3: A scanning Electron Microscope (SEM)
3. RESULT

The shape of kerf wasestablished in the same pattern for
any cutting conditions, as shown in figure 4. The
experiment results shown that the high water pressure for
cutting affected to reduce kerfs and the distances
between the peaks of kerfs were related with the
thickness of ceramic, as shown in figure 5. Additionally,
the water pressure at 320 MPa that was assigned to cut
ceramic thickness 7 mm. presented the appropriate
surface roughness.

4. CONCLUSION

There are the relation between the water pressure and
a kerf wave height for cutting ceramic formed slip
casting by using abrasive water jet Machining. The
thicker ceramic presented more distance between the
peaks of kerfs. However, the high of kerfs has to be

determineed by using Rhinoceros program as the further
work.

WOMPa

200 WPa

30 WPa

350 WPa

Figure 5: The results of kerfs from cutting conditions
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