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Abstract

Project Code : TRG5280014

Project Title :Development of In-Process Monitoring and Prediction System for Machining

Surface on CNC Turning

Investigator : Assoc.Prof.Dr. Somkiat Tangjitsitcharoen Chulalongkorn University
Prof.Dr. Sirichan Thongprasert

E-mail Address :Somkiat.t@eng.chula.ac.th

Project Period : 2 years

As the control technologies of CNC machine tools are highly developed, the intelligent
machine tool is expected to be realized in the near future, which can autonomously determine
the optimum cutting conditions and can change them automatically as required due to changes
in the environmental conditions, etc., while the current machine tools must be given the cutting
conditions in advance before they start to cut.

Turning process is one of the most important processes which are widely used to
produce the mechanical parts. One of the long-term concerns in the turning process is the
surface roughness of the machined parts. However, the surface roughness cannot be
measured while cutting at the same time as there are many factors affecting to the surface
roughness of the machining parts. It is therefore required to know the surface roughness during
the in-process cutting.

In order to realize the intelligent machine tools, the objective of this research is to
propose a practical model to predict the in-process surface roughness during the turning
process by using the cutting force ratio. The proposed in-process surface roughness model is
developed based on the experimentally obtained results by employing the exponential function
with six factors of the cutting speed, the feed rate, the tool nose radius, the depth of cut, the
cutting force ratio, and the rake angle. The multiple regression analysis is utilized to calculate
the regression coefficients with the use of the least square method. The prediction interval of
the in-process surface roughness model has been also presented to monitor and control the in-
process predicted surface roughness at 95% confident level. It is proved by the cutting tests
that the proposed and developed in-process surface roughness model can be used to predict
the in-process surface roughness by utilizing the cutting force ratio with the highly acceptable
prediction accuracy.

Keywords :Turning process, Surface roughness, Cutting force ratio, Prediction
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number

DNMG150604
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Inch

mm

Inch

mm

Inch

mm

Inch
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0.61
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1/4
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maei 4.4 a5szavuiladenldlumanasesvesnszuiumsnas

Yade Foyanual ST 3TAVGA
anmisada (1uas/uni) A 150 350
sasimstlou (Hadwns/se) B 0.150 0.200
szozanda (Tadmas) C 0.5 1.0

46 NIDINUVUMINAADI

flemuaszduvesilaseiimnsanud i lleenuuunsnase wuuiiufiinaney
Taol¥T/sunsuduSagal Minita srelumsesnuuunisnaaes c?q'lﬁlgﬂuummmimamﬁqf:
4.6.1 mswnaavauny Box- Behnken (Box-Behnken Design)
msnaaesiifumsnaasailosei 3 szay (3-level design) lumsadriaunisiuuy Taols

ndnmivesmanaasaunanoSvadiugil 2 muanfugananars (Central Point)

B
7 % 8 /C
U e
§> @3} ~ P 4
- — = A
1 //%// @5 2

seavueatldenldluminaasa

31 4.14 uuanadiavesununisnaass Box-Behnken #l4un1smaaes
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ms1an 4.5 sedvuueailadeuas

ms1ah 4.6 wasnmseenuuuminaasanieunsguardumsiinisnaasa

[

9 S Y < s 7
flluaﬂ’hlmﬂ%fﬁlufﬂﬁ?J’t’]ﬂmJ’UﬂTiVI@'Iﬁ@QLLTJ‘]JU’E’JﬂGD"L‘UWULﬂH

sEdUMIRIm ,
e/ : dyanyal
@1(-1) | naa(0) | qa(l)
1) armiSada (wasmnil) 150 250 350 A
2) saslou (Hadwas/sou) 0.15 0.18 0.20 B
3) anudnda (Tadwas) 0.5 0.75 1.0 C

Std Run Machining Factor Ra Rz Vha | Vbm

Order | Order | Speed | Feed | Depth | (um) (gm) | (mm) | (mm)
A | B | ©

1 8 -1 -1 0

2 13 1 -1 0

3 4 1 1 0

4 1 1 1 0

5 2 1 0 -1

6 6 1 0 1

1 3 1 0 1

8 10 1 0 1

9 5 0 -1 1

10 14 0 1 -1

11 1 0 -1 1

12 12 0 1 1

13 15 0 0 0

14 9 0 0 0

15 11 0 0 0
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Mm99 4.7 wasnmseenuuumsnaasanieumsguaraunmsiinisnaaes (de)

Std Order | Run Machining Factor

Order Speed | Feed | Depth | Fx | Fy | Fz |FyFz| Temp

(A (B) © [N NN (°C)
1 8 -1 -1 0
2 13 1 -1 0
3 4 -1 1 0
4 1 1 1 0
5 2 -1 0 -1
6 6 1 0 -1
! 3 -1 0 1
8 10 1 0 1
9 5 0 -1 -1
10 14 0 1 -1
11 ! 0 -1 1
12 12 0 1 1
13 15 0 0 0
14 9 0 0 0
15 11 0 0 0

47 Fumeumsnlsauiaumanuuguszii
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Y

2. agdeulymsdaiimmezandmsunananeaduitiuinsaeuauns (Response
Surface Methodology)

agUmamsansiziaeaumsoanesuuunygy (Multiple Regression Analysis)

<3 1o 1 A
4, aplnlesidudanuuiudisinnuuzusznnaumsmIneInTainuuFITEAn
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UNAN 9

minﬁuﬁnwamsﬂﬂam

msei 0.1 msreivuwamsnaassvedismsdauuuuis (Dry Cutting) vesiiadams ludmdevin

KC9110
Experi Chi Cuttin
msnt Volufne Conditi?)n i v f ) P R um)

no. om’ no. mm | mmin | mmiev | mm | Fx Fy Fz Ra Rz

1 0 1 04 150 0.15 05 | 125 | 119 | 211 | 2.0157 8.66
2 0 2 04 150 0.15 1 139 | 237 | 397 | 21079 | 10.848
3 0 3 04 250 0.15 05 | 119 | 120 | 219 | 2.0283 8.624
4 0 4 04 250 0.15 1 130 | 223 | 386 | 21314 | 101533
5 0 5 04 350 0.15 05 | 126 | 120 | 217 | 21532 | 10.8392
6 0 6 04 350 0.15 1 135 | 215 | 380 | 1982 10.532
7 0 7 04 150 0.18 05 | 111 | 123 | 226 | 32924 | 14.388
8 0 8 04 150 0.18 1 151 | 256 | 449 | 27695 | 14.652
9 0 9 04 250 0.18 05 | 138 | 139 | 261 | 2818 12.872
10 0 10 04 250 0.18 1 45 | 232 | 424 | 27529 | 13988
11 0 11 04 350 0.18 05 | 133 | 130 | 240 | 29461 | 12944
12 0 12 04 350 0.18 1 134 | 211 | 383 | 28239 | 14972
13 500 1 04 150 0.15 05 | 120 | 119 | 217 | 21703 | 11192
14 500 2 04 150 0.15 1 133 | 233 | 400 | 21492 1088
15 500 3 04 250 0.15 05 | 115 | 107 | 214 | 2.0864 8.92
16 500 4 04 250 0.15 1 125 | 220 | 389 | 19647 | 94933
17 500 5 04 350 0.15 05 | 1206 | 1205 | 208 | 19172 | 10.576
18 500 6 04 350 0.15 1 142 | 234 | 402 | 2649 11.864
19 500 7 04 150 0.18 05 | 149 | 147 | 289 | 27411 1168
2 500 8 04 150 0.18 1 149 | 244 | 441 | 28256 | 14.144
2 500 9 04 250 0.18 05 | 149 | 139 | 2711 | 179! 84
2 500 10 04 250 0.18 1 157 | 236 | 430 | 28147 | 14.604
23 500 11 04 350 0.18 05 | 149 | 142 | 264 | 19386 | 11.3%
24 500 12 04 350 0.18 1 190 | 262 | 465 | 21701 12.68
25 1000 1 04 150 0.15 05 | 121 | 106 | 198 | 1.5088 9.832
26 1000 2 04 150 0.15 1 139 | 235 | 401 | 21122 | 11.684
2 1000 3 04 250 0.15 05 | 104 | 88 | 199 | 2.0735 9.648
28 1000 4 04 250 0.15 1 124 | 231 | 398 | 20966 | 10.6853
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msei 0.1 msruiuwanmsnaassvedismsdauuuuis (Dry Cutting) vesiiadams ludindevin

KC9110 (de)
Experi Chi Cuttin
msnt Volufne Conditi?)n R v f ) PN R (um)

no. cm3 no. mm | m/min | mmfrev | mm Fx Fy Fz Ra Rz
29 1000 5 04 350 0.15 05 | 109 | 104 | 205 | 1.9749 8.348
30 1000 6 04 350 0.15 1 155 | 199 | 3719 | 1977 10,092
3l 1000 7 04 150 0.18 05 | 161 | 148 | 297 | 26678 | 12.484
32 1000 8 04 150 0.18 1 152 | 240 | 452 | 2.6209 1212
33 1000 9 04 250 0.18 05 | 161 | 136 | 271 | 18714 8.636
34 1000 10 04 250 0.18 1 183 | 252 | 449 | 2751 13.664
35 1000 1 04 350 0.18 05 | 232 | 166 | 270 | 25959 | 12712
36 1000 12 04 350 0.18 1 214 | 270 | 440 | 22826 | 11.084
31 1500 1 04 150 0.15 05 | 131 | 119 | 226 | 18924 10.22
38 1500 2 04 150 0.15 1 139 | 239 | 412 | 18781 10.88
39 1500 3 04 250 0.15 05 98 94 | 199 | 15487 6.396
40 1500 4 04 250 0.15 1 124 | 237 | 403 | 22921 | 11.6453
41 1500 5 04 350 0.15 05 | 111 | 104 | 204 | 21482 | 10.068
42 1500 6 04 350 0.15 1 221 | 237 | 403 | 1.8997 9.676
43 1500 7 04 150 0.18 05 | 165 | 139 | 276 | 22421 | 10.336
44 1500 8 04 150 0.18 1 168 | 249 | 466 | 24001 | 12701
45 1500 9 04 250 0.18 05 | 172 | 128 | 253 | 1.9204 8.624
46 1500 10 04 250 0.18 1 191 | 216 | 418 | 24731 | 10.2166
47 1500 1 04 350 0.18 05 | 283 | 268 | 283 | 29403 | 13.744
48 1500 12 04 350 0.18 1 475 | 384 | 466 | 33159 | 17.852
49 2000 1 04 150 0.15 05 | 134 | 120 | 225 | 2251 | 12.29
50 2000 2 04 150 0.15 1 142 | 237 | 412 | 18839 | 10616
51 2000 3 04 250 0.15 05 97 9 | 191 | 21364 1.864
52 2000 4 04 250 0.15 1 109 | 204 | 376 | 17082 9.268
53 2000 5 04 350 0.15 05 | 125 | 134 | 212 | 23897 | 12.292
54 2000 6 04 350 0.15 1 NA | NA | NA N/A N/A
55 2000 7 04 150 0.18 05 | 136 | 118 | 239 | 20345 | 10.076
56 2000 8 04 150 0.18 1 161 | 237 | 448 | 24515 | 13.876
57 2000 9 04 250 0.18 05 | 250 | 231 | 278 | 1678 1.19%
58 2000 10 04 250 0.18 1 175 | 224 | 425 | 2.0262 9.628
59 2000 1 04 350 0.18 05 | NJA | NA | NA N/A N/A
60 2000 12 04 350 0.18 1 NA | NA | NA N/A N/A
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m51ei 5.2 maruiuransnaassvesismsdauuuuite (Dry CUtting) vesiiadans ludmas v

TPMR 160304 HQ
Experi Chi Cuttin
msnt Volufne Conditi?)n i v f ’ R R lm)

no. om’ no. mm | mmin | mmiev | mm | Fx Fy Fz Ra Rz

1 0 1 04 250 018 | 025 | 9% 49 | 133 | 24528 | 112120
2 0 2 04 150 0.15 0.5 79 82 | 175 | 22175 | 102184
3 0 3 04 250 0.15 0.5 99 | 105 | 160 | 13752 | 8.8792
4 0 4 04 150 0.18 05 | 128 | 130 | 180 | 2.3746 | 11.6864
5 0 5 04 250 0.18 05 | 122 | 124 | 179 | 27210 | 122112
6 500 1 04 150 0.15 05 | 102 | 78 | 167 | 23295 | 13.4368
7 500 2 04 250 0.15 05 | 112 | 92 | 183 | 13529 | 8.2360
8 500 3 04 150 0.18 05 | 112 | 95 | 224 | 2293 | 115584
9 500 4 04 250 0.18 05 | 119 | 113 | 228 | 25011 | 125776
10 1000 1 04 250 018 | 025 | 90 34 84 | 24823 | 11.0080
11 1000 2 04 150 0.15 05 | 100 | 83 | 184 | 19303 | 105824
12 1000 3 04 250 0.15 05 | 117 | 103 | 192 | 19267 | 8.0352
13 1000 4 04 150 0.18 05 | 121 | 99 | 223 | 24941 | 11.2568
14 1000 5 04 250 0.18 05 | 139 | 111 | 218 | 25789 | 114120
15 1500 1 04 250 018 | 025 | 100 | 41 | 127 | 25565 | 123872
16 2000 1 04 250 018 | 025 | 103 | 35 | 123 | 27734 | 134716
17 2000 2 04 150 0.15 05 | 102 | 79 | 166 | 28036 | 17.1008
18 2000 3 04 250 0.15 05 | 116 | 95 | 170 | 20715 | 104944
19 2000 4 04 150 0.18 05 | 116 | 86 | 190 | 33533 | 17.6000
2 2000 5 04 250 0.18 05 | 119 | 92 | 185 | 30665 | 145864
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ms1ei 5.3 maruiuranisnaassvesismsdauuunits (Dry Cutting) vesliadans ludmas v

TPMR 160308 HQ
Experi Chi Cuttin
msnt Volufne Conditi?)n R v f ) PN R ()

no. om’ no. mm | mmin | mmiev | mm | Fx Fy Fz Ra Rz
1 0 1 08 150 0155 | 015 | & 63 91 | 13312 | 8.4000
2 0 2 08 250 0155 | 015 | & 66 92 | 11054 | 5.6064
3 0 3 08 150 018 | 015 | 39 75 | 102 | 14182 | 8.6800
4 0 4 08 250 018 | 015 | 38 74 100 | 11701 | 54824
5 0 5 08 250 018 | 025 | 9 34 | 133 | 18269 | 9.1104
6 500 1 08 150 015 | 015 | 120 | 62 | 178 | 26385 | 9.7640
7 500 2 08 250 015 | 015 | 138 | 77 | 192 | 10170 | 5.5808
8 500 3 08 150 018 | 015 | 141 | 69 | 217 | 19778 | 10.1400
9 500 4 08 250 018 | 015 | 137 | 75 | 214 | 12012 | 7.4360
10 1000 1 08 250 018 | 025 | 89 2 93 | 24025 | 13.8784
11 1000 2 08 150 015 | 015 | 89 28 | 117 | 13362 | 8.9088
12 1000 3 08 250 05 | 015 | 9 32 | 115 | 23113 | 118984
13 1000 4 08 150 018 | 015 | 103 | 34 | 142 | 13506 | 7.2736
14 1000 5 08 250 018 | 015 | 100 | 34 | 136 | 22673 | 101144
15 1500 1 08 250 018 | 025 | 46 20 | 108 | 29865 | 18.3040
16 2000 1 08 150 015 | 015 | 114 | 60 | 166 | 25872 | 14.9240
17 2000 2 08 250 05 | 015 | 125 | 66 | 165 | 16357 | 10.9608
18 2000 3 08 150 018 | 015 | 124 | 62 | 187 | 20861 | 145016
19 2000 4 08 250 018 | 015 | 135 | 67 | 185 | 20341 | 134992
2 2000 5 08 250 018 | 025 | 109 | 32 | 130 | 24028 | 142320

-50-



http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

d' A A [ 1 a B A = 4
m15199 5.4 wamsnaaesiionlunisaaais q aaealsuasmaniingsasy 2000 gnuiss

EEUALIAT

Experi | Chip | Cutting

ment | Volume | Condition | Rn | V f D F(N) Temp R (m)

no. om’ no. mm | mmin [ mmirev [ mm | Fx | Fy | Fz | FylFz °C Ra Rz
1 0 1 04 | 150 | 0150 |0.75 | 138 | 195 | 310 | 0.629032 | 4382 | 2.2334 | 9.4044
2 0 2 04 | 350 | 0150 |0.75 | 123 | 156 | 299 | 0521739 | 487 | 2.2665 | 9.5703
3 0 3 04 | 150 | 0200 |0.75 | 164 | 216 | 393 | 0.549618 | 4356 | 35913 | 14.5798
4 0 4 04 | 350 | 0200 |0.75 | 150 | 193 | 372 | 0.518817 | 4444 | 53386 | 20.305
5 0 5 04 | 150 | 0.175 | 050 | 165 | 139 | 276 | 0.503622 | 4466 | 3.2924 | 14.388
6 0 6 04 | 350 | 0175 | 050 | 283 | 268 | 283 | 0.946997 | 489.8 | 2.9461 | 12.944
7 0 7 04 | 150 | 0.175 | 1.00 | 168 | 249 | 466 | 0.534335 | 452.7 | 2.7695 | 14.652
8 0 8 04 | 350 | 0.175 | 1.00 | 475 | 384 | 466 | 0.824034 | 4879 | 2.8239 | 14.972
9 0 9 04 | 250 | 0.150 | 050 | 152 | 108 | 205 | 0.526829 | 4522 | 1.8259 | 8.22
10 0 10 04 | 250 | 0200 | 050 | 176 | 129 | 257 | 0.501946 | 487.4 | 3.6128 | 15.0745
1 0 1 04 | 250 | 0150 | 1.00 | 124 | 237 | 403 | 0.588089 | 4104 | 2.1314 | 10.1533
12 0 12 04 | 250 | 0.200 | 1.00 | 251 | 313 | 574 | 0.545296 | 4345 | 3.9056 | 16.3486
13 0 13 04 | 250 | 0175 |0.75 | 199 | 188 | 358 | 052514 | 4482 | 2.9133 | 13.66
14 0 14 04 | 250 | 0175 |0.75 | 135 | 177 | 332 | 0.533133 | 481.7 | 3.1053 | 13.66
15 0 15 04 | 250 | 0175 |0.75 | 128 | 149 | 327 | 0.455657 | 4959 | 3.3154 | 13.4725
16 500 1 04 | 150 | 0150 |0.75 | 128 | 175 | 300 | 0.583333 | 4582 | 24424 | 11.1698
17 500 2 04 | 350 | 0150 |0.75 | 156 | 153 | 290 | 0.527586 | 4916 | 2.9871 | 10.2255
18 500 3 04 | 150 | 0200 |0.75 | 162 | 210 | 388 | 0.541237 | 4254 | 3.7229 | 16.0793
19 500 4 04 | 350 | 0200 |0.75 | 175 | 205 | 381 | 0.538058 | 417.3 | 34471 | 8.4336
20 500 5 04 | 150 | 0.175 | 050 | 149 | 147 | 289 | 0.508651 | 4605 | 2.7411 | 11.68
21 500 6 04 | 350 | 0.175 | 050 | 149 | 142 | 264 | 0.537879 | 4994 | 1.9386 | 11.396
22 500 7 04 | 150 | 0.175 | 1.00 | 149 | 244 | 441 | 0.553287 | 4682 | 2.8256 | 14.144
23 500 8 04 | 350 | 0175 |1.00 | 190 | 262 | 465 | 0.563441 | 4694 | 2.1701 | 12.68
24 500 9 04 | 250 | 0150 | 050 | 132 | 117 | 204 | 0573529 | 467 | 1.808 | 8.404
25 500 10 04 | 250 | 0200 | 050 | 161 | 131 | 258 | 0.507752 | 494.2 | 3.9089 | 16.5144
26 500 1 04 | 250 | 0150 | 1.00 | 125| 221 | 389 | 0.568123 | 4256 | 1.9647 | 9.4933
2 500 12 04 | 250 | 0200 | 1.00 | 184 | 264 | 491 | 0.537678 | 4539 | 3.775 | 14.9047
28 500 13 04 | 250 | 0175 |0.75 | 199 | 202 | 343 | 0.588921 | 4505 | 2.6066 | 10.725
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d' A A [ 1 a B A = 4
m15199 5.4 wamsnaaesiionlunisaaais q aaealsuasmaniingsasy 2000 gnuiss

IBUANAT (D)

Experi | Chip | Cutting

ment | Volume | Condition | Rn | V f D F(N) Temp R (um)

no. om’ no. mm | mmin [ mmirev [ mm | Fx | Fy | Fz | FylFz °C Ra Rz
29 500 14 04| 250 | 0175 | 0.75| 147|170 | 340 | 05 | 48L7 | 3.225 | 12661
30 500 15 041 250 | 0175 | 075 | 147|170 | 340 | 05 | 48L7 | 3.225 | 114543
3 1000 1 04 | 150 | 0150 |0.75 | 138 | 195 | 310 | 0.629032 | 4782 | 1.6776 | 9.5118
kY 1000 2 04 ] 350 | 0150 |0.75 | 166 | 165 | 286 | 0.576923 | 496.2 | 2.5981 | 10.1893
3 1000 3 04 | 150 | 0.200 |0.75 | 156 | 208 | 411 | 0.506083 | 421.7 | 3.7653 | 15.9534
34 | 1000 4 04 ] 350 | 0200 | 075|209 | 199 | 382 | 0520942 | 5078 | 38336 | 20
3 1000 5 04 | 150 | 0.175 | 050 | 161 | 148 | 297 | 0.498316 | 452.7 | 2.6678 | 12.484
36 1000 6 04 | 350 | 0.175 | 050|232 | 166 | 270 | 0.614815 | 4905 | 2.5959 | 12.712
3 1000 7 04 | 150 | 0.175 | 1.00 | 152 | 240 | 452 | 0.530973 | 4744 | 2.6209 | 12.12
38 1000 8 04 | 350 | 0.175 | 1.00 | 274 | 270 | 440 | 0.613637 | 485.7 | 2.2826 | 11.084
39 1000 9 04 | 250 | 0150 | 050 | 140 | 125 | 223 | 0.560538 | 472.1 | 1.8107 | 8.864
40 1000 10 04 ] 250 | 0.200 | 050 | 192 | 143 | 266 | 0.537594 | 5195 | 45323 | 10.0802
41 1000 11 04 ] 250 | 0150 | 1.00 | 124 | 231 | 398 | 0.580402 | 454.1 | 2.0966 | 10.6853
42 1000 12 04 ] 250 | 0.200 | 1.00 | 249 | 265 | 477 | 0.555556 | 464.1 | 3.9397 | 14.3039
43 1000 13 04 1 250 | 0.75 |0.75 | 223 | 191 | 344 | 0555233 | 467.2 | 2.8895 | 14.3066
44 | 1000 14 04 ] 250 | 0.75 |0.75 | 131 | 130 | 407 | 0.31941 | 4924 | 2.9637 | 11.6835
45 1000 15 04 ] 250 | 0.75 |0.75 | 131 | 130 | 407 | 0.31941 | 4924 | 3.1637 | 11.7535
46 1500 1 04 | 150 | 0150 |0.75 | 130 | 189 | 276 | 0.684783 | 457 | 2.3103 | 11.2144
47 1500 2 04 ] 350 | 0150 |0.75 | 123 | 156 | 299 | 0521739 | 484.1 | 1.9419 | 9.2034
48 1500 3 04 | 150 | 0.200 |0.75 | 164 | 216 | 393 | 0.549618 | 497.3 | 3.7495 | 14.696
49 1500 4 04 ] 350 | 0200 |0.75 | 150 | 193 | 381 | 0.506561 | 5154 | 4.6345 | 13.1508
50 1500 5 04 | 150 | 0.175 | 050 | 111 | 123 | 226 | 0.544248 | 4741 | 2.2421 | 10.336
51 1500 6 04 ] 350 | 0.175 | 050 | 133 | 130 | 240 | 0.541667 | 494.3 | 2.9403 | 13.744
52 1500 7 04 | 150 | 0.175 | 1.00 | 151 | 256 | 449 | 0570156 | 461 | 2.4001 | 12.701
53 1500 8 04 | 350 | 0175 |1.00 | 134 | 211 | 383 | 0550914 | 499 | 33159 | 17.852
5 | 1500 9 04 ] 250 | 0150 | 050 | 122 | 110 | 187 | 0588235 | 479 | 1.896 | 10.0115
55 1500 10 04 | 250 | 0.200 | 050 | 138 | 123 | 249 | 0.493976 | 4963 | 4.5449 | 9.4898
56 1500 11 04 ] 250 | 0150 | 1.00 | 130 | 223 | 386 | 0.57772 | 4672 | 2.2921 | 11.6453
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d' A A @ [ a S a = 4
m15199 5.4 wanisnaaosnieulunisaaais  aaeadSumasmaningeasy 2,000 gnuiss

IBUANAT (D)

Experi | Chip | Cutting
ment | Volume | Condition | Rn | V f D F(N) Temp R (um)
no. om’ no. mm [ mmin | mmfrev [ mm | Fx | Fy | Fz | FylFz °C Ra Rz

57 1500 12 041 250 | 0200 | 1.00 | 148 | 243 | 450 | 054 | 472 | 41146 | 144412
58 1500 13 041 250 | 0175 | 075 | 135 | 177 | 340 | 0.520588 | 4916 | 2.8669 | 17.9993
59 1500 14 041 250 | 0175 | 075 | 131 | 160 | 327 | 0.489297 | 4936 | 31063 | 11.896
60 1500 15 041 250 | 0175 |0.75 | 133 | 165 | 327 | 0.504587 | 498.3 | 2.9956 | 12.5427
61 2000 1 04 | 150 | 0150 | 075 | N/A [ N/A|NA| NA | NA | NA | NA

62 2000 2 04 ] 350 | 0150 | 075 | 208 | 199 | 306 | 0.650327 | 511.7 | 2.3069 | 9.2574
63 2000 3 04 ] 150 | 0200 | 0.75 | 165 | 210 | 411 | 0.510948 | 521.8 | 3.6009 | 134272
64 | 2000 4 04 ] 350 | 0200 |0.75 | 536 | 467 | 549 | 0.850638 | 545.9 | 9.5456 | 29.6602
65 2000 5 04 | 150 | 0175 | 050 | 136 | 118 | 239 | 0.493724 | 4782 | 2.0345 | 10.076
66 2000 6 04 ] 350 | 0175 | 050 | NNA [ N/A|NIA| NA | NA | NA | NA

67 2000 7 04 | 150 | 0175 | 1.00 | 161 | 237 | 448 | 0.529018 | 457.6 | 24515 | 13.876
68 2000 8 04 ] 350 | 0175 | 100 | NNA [ N/A|NA| NA | NA | NA | NA

69 2000 9 04 | 250 | 0150 | 050 | 143 | 108 | 204 | 0.529412 | 4652 | 11888 | 8.684

10 2000 10 041 250 | 0200 | 050 | 168 | 130 | 266 | 0.488722 | 512.7 | 4.3764 | 17.7857
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maaii 7.3 1 P i3z 1§ n Regression Coefficients for Ra

ade m P
Constant 0.000
Cutting speed 0.018
Feed 0.000

Depth 0.451
Cutting speed*Cutting speed 0.217
Feed*Feed 0.033
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Cutting speed*Depth 0.636
Feed*Depth 0.114
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wanou (Response)
ady anuissuddI Ra | dasrdinuseda gauvgl T
(um) (FylF2) °¢)

Constant 10.3042 3.37098 -3.21875
Cutting Speed -0.0129570 -0.00382508 0.207500
Feed Rate 147417 -22.6522 3640.00
Depth of cut 8.03630 -0.693543 278.000
Cutting Speed*Cutting Speed |  -1.58925E-05 3.13073E-06 -1.12500E-04
Feed Rate*Feed Rate 525.400 47,2106 -7400.00
Depth of cut*Depth of cut -1.69720 0.249836 -174,000
Cutting Speed*Feed Rate 0.125340 0.0119987 -0.90000
Cutting Speed™Depth of cut 0.00217600 -1.66609E-04 0.180000
Feed Rate*Depth of cut -33.0560 2.26157 -480.000
Constant 10.3042 3.37098 -3.21875
Cutting Speed -0.0129570 -0.00382508 0.207500
Feed Rate 147417 -22.6522 3640.00
Depth of cut 8.03630 -0.693543 278.000
Cutting Speed*Cutting Speed |  -1.58925E-05 3.13073E-06 -1.12500E-04
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Ra = 10.3042 - 0.0129570 v - 147.417 f + 8,03630 - 00000158954 (v?) + 525.4 () - 1.69720

(d)+ 0125340 (v.f) +0.00247600 (v.0) - 33.0560 (f.d)

o V fe anwiada (was/unil)

f do dasimistlou (Tadwas/sou)

d fe anwdanda (Tadwns)

aumsaasn A iarase Cutting Fource Ratio fio

-85-

(12)



http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

FJF,=3.371-0.00383 v - 22,652  + 06935 d + 0,000031 (v) + 47.27 () +0.2498 (¢)
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o Cutting condition Ra Rz Vha Vbm
(Speed_Feed Depth Volume) (um) | (pm) | (mm) | (mm)
1 350 015 050 0 20369 | 86727 | 0.0000 | 0.0000
350 0.15_0.50 500 12891 | 579%7 | 01539 | 01721
350 0.15_0.50 1000 13259 | 59056 | 0.1789 | 0.1960
350 0.15_0.50 1500 15388 | 7.0481 | 0.1846 | 0.2238
350 0.15_0.50_2000 19003 | 75013 | 02430 | 0.3290
2 250 0.15 050 0 18525 | 85134 | 0.0000 | 0.0000
250 0.15 0.50 500 28103 | 110489 | 0.1080 | 0.1205
250 0.15 0.50 1000 19923 | 85412 | 01253 | 0.1425
250 0.15_0.50_1500 20304 | 84457 | 01367 | 0.1587
250 0.15_0.50 2000 16927 | 79042 | 0139 | 0.1655
3 150 0.15 050 0 2.5574 | 112434 | 0.0000 | 0.0000
150 0.15 0.50 500 2.1243 | 107466 | 01436 | 0.1576
150 0.15 0.50_1000 20432 | 104357 | 0.1349 | 0.1456
150 0.15 0.50_1500 17908 | 7.0481 | 0.1846 | 0.2238
150 0.15_0.50_2000 20210 | 8932 | 01934 | 0.2453
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No. Cutting condition FX Fy Fz FylFz Temp
(Speed_Feed Depth_Volume) (N) (N) (N) (°C)

1 350 015050 0 122 119 208 | 0572115 484.3
350 0.15 0,50 500 182 138 | 225 | 0613333 493.7

350_0.15_0.50 1000 184 | 142 235 | 0.604255 5133

350 0.15 0,50 1500 169 129 224 | 0575893 516.8

350 0.15 0,50 2000 189 | 231 248 | 0931452 522.6

2 250 0.15 0500 116 | 115 | 209 | 0550239 495.5
250 0.15 050 500 124 | 119 220 | 0.540909 4814

250 0.15_0.50_1000 123 | 143 | 221 | 0506787 487.1

250 0.15 050 1500 131 113 | 223 | 0506726 | 480.05

250 0.15_0.50_2000 116 | 113 | 242 | 0466942 182.1

3 150 0.15 050 0 143 | 12 216 | 0.442029 426.3
150 0.15_0.50 500 153 | 1R 265 | 0.498100 439.7

150 0.15_0.50_1000 134 | 114 | 243 | 0469100 4424

150 0.15_0.50_1500 124 | 172 248 | 0.690977 448.7
150_0.15_0.50_2000 121 110 | 232 | 0474138 4718
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MINWN 81 @nﬁNL‘ﬂ3EJ‘]JWIEJ‘UﬂTﬂ’NlﬂIiﬁJi%N’JGHuQTuﬁz‘H’JN AONI1INIT ’Jmm%ﬂTﬂUlﬂﬁﬂﬂﬁMﬂﬁm

wensal 3smsdauuuniia (Dry Cutting) vesiiadanis lusinasuis TPMR 160304 HQ

Er;(zre]t“ V(;Ihul rFr)1e Rn | V f D FOSI;;“O Measured R (um) | Predicted R (1m)
no. em* | mm | m/min | mm/rev | mm - Ra Rz Ra Rz
1 0 04 | 250 | 018 | 025 | 03684 | 24528 | 11.2120 | 25528 | 11.3120
2 0 04 | 150 | 015 | 05 04686 | 22175 | 10.2184 | 2.3205 | 124757
3 0 04 | 250 | 015 | 05 0.6563 | 13752 | 88792 | 14252 | 8.9292
4 0 04 | 150 | 018 | 05 0.7222 | 23746 | 116864 | 2.3746 | 11.6864
5 0 04 | 250 | 018 | 05 06927 | 27270 | 122112 | 20884 | 10.1047
6 50 | 04 | 150 | 015 | 05 04671 | 23295 | 134368 | 23301 | 125325
1 50 | 04 | 250 | 015 | 05 05027 | 13529 | 82360 | 1.8945 | 9.8698
8 50 | 04 | 150 | 018 | 05 04241 | 22963 | 115584 | 30791 | 15.6693
9 50 | 04 | 250 | 018 | 05 04956 | 25011 | 125776 | 24192 | 11.8827
10 1000 | 04 | 250 | 018 | 025 | 04048 | 24823 | 11.0080 | 2.2562 | 10.3711
11 1000 | 04 | 150 | 015 | 05 04511 | 19303 | 105824 | 2.3688 | 12.7623
12 1000 | 04 | 250 | 015 | 05 05365 | 19267 | 8.0352 | 18334 | 95193
13 1000 | 04 | 150 | 018 | 05 04439 | 24941 | 11.2568 | 30163 | 153175
14 1000 | 04 | 250 | 018 | 05 05092 | 25789 | 114120 | 23905 | 117276
15 1500 [ 04 | 250 | 018 | 025 | 03228 | 25565 | 12.3872 | 24990 | 11.6081
16 2000 | 04 | 250 | 018 | 025 | 02846 | 27734 | 134776 | 2.6627 | 124495
17 2000 | 04 | 150 | 015 | 05 04759 | 28036 | 17.1008 | 23059 | 12.38%4
18 2000 | 04 | 250 | 015 | 05 05588 | 20715 | 104944 | 1.8044 | 9.3535
19 2000 | 04 | 150 | 018 | 05 04526 | 33533 | 17.6000 | 29979 | 15.2147
20 2000 | 04 | 250 | 018 | 05 04973 | 3.0665 | 145864 | 24161 | 11.8660
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Experi

Chip

Force ratio

et | Volume Rn | V f D FyF: Measured R (um) | Predicted R (1m)
no. em* | mm | m/min | mm/rev | mm - Ra Rz Ra Rz
1 0 08 | 150 | 015 | 015 | 06923 | 13312 | 84000 | 11395 | 6.5628
2 0 08 | 250 | 015 | 015 | 07174 | 11054 | 56064 | 09420 | 5.2639
3 0 08 | 150 | 018 | 015 | 07353 | 14182 | 86800 | 14091 | 7.6267
4 0 08 | 250 | 018 | 015 | 07400 | 11701 | 54824 | 1.1800 | 6.2044
5 0 08 | 250 | 018 | 025 | 02556 | 1.8269 | 9.1104 | 2.1065 | 12.2782
6 50 | 08 | 150 | 015 | 015 | 03483 | 26385 | 9.7640 | 15406 | 9.1513
1 50 | 08 | 250 | 015 | 015 | 04010 | 10170 | 55808 | 12161 | 6.9754
8 50 | 08 | 150 | 018 | 015 | 03180 | 1.9778 | 10.1400 | 2.0360 | 11.4427
9 50 | 08 | 250 | 018 | 015 | 03505 | 12012 | 7.4360 | 1.6381 | 8.9080
10 1000 | 08 | 250 | 018 | 025 | 02581 | 24025 | 138784 | 2.0976 | 12.2205
11 1000 | 08 | 150 | 015 | 015 | 02393 | 13362 | 89088 | 1.8166 | 10.9744
12 1000 | 08 | 250 | 015 | 015 | 02783 | 23113 | 118984 | 14276 | 8.3243
13 1000 | 08 | 150 | 018 | 015 | 02394 | 13506 | 7.2736 | 2.3062 | 13.1283
14 1000 | 08 | 250 | 018 | 015 | 02500 | 2.2673 | 10.1144 | 1.9000 | 10.4907
15 1500 [ 08 | 250 | 018 | 025 | 0.182 | 29865 | 18.3040 | 2.4266 | 14.3502
16 2000 | 08 | 150 | 015 | 015 | 03614 | 25872 | 149240 | 15158 | 8.9892
17 2000 | 08 | 250 | 015 | 015 | 04000 | 16357 | 109608 | 1.2174 | 6.9839
18 2000 | 08 | 150 | 018 | 015 | 03316 | 2.0861 | 145016 | 1.9989 | 11.2131
19 2000 | 08 | 250 | 018 | 015 | 03622 | 20341 | 134992 | 16147 | 8.7675
20 2000 | 08 | 250 | 018 | 025 | 02462 | 24028 | 14.2320 | 2.1415 | 125029
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MINWN 83 @niNL‘]JﬁEJ‘IJL‘VIEJUﬂTﬂ’J”IiJ“IJ'J:EUigW'JG]J"LNTLHSW’JNNaﬂ”l'iﬂTﬁ’JﬂLm%ﬂTﬂulﬂﬂWﬂﬁllﬂTim

wennsal Asmsaauuunita (Dry Cutting) vesdadaas Tuamasnias KCI110

Experi | Chip Force ratio .

et | Volume Rn | V f D FyF: Measured R (um) | Predicted R (1m)
no. em* | Mm | m/min | mmfrev | mm Ra Rz Ra Rz
1 0 04 150 0.15 05 0.5640 20157 8.66 21422 | 11.4233
2 0 04 150 0.15 1.0 0.5970 21079 | 10848 | 2.4353 | 13.9598
3 0 04 250 0.15 05 0.5479 20283 | 8624 | 18218 | 9.4528
4 0 04 250 0.15 1.0 05717 21314 | 101533 | 2.0746 | 11.5738
5 0 04 350 0.15 05 0.5530 21532 | 108392 | 16172 | 82314
6 0 04 350 0.15 1.0 0.5658 1982 | 10532 | 1.8661 | 10.2259
7 0 04 150 0.18 05 0.5442 32924 | 14388 | 27630 | 13.9057
8 0 04 150 0.18 1.0 0.5702 27695 | 14652 | 31553 | 17.0787
9 0 04 250 0.18 05 0.5326 2878 | 12872 | 23423 | 11.4672
10 0 04 250 0.18 1.0 0.5472 27529 | 13988 | 2.6978 | 14.2171
1 0 04 350 0.18 05 0.5417 29461 | 12944 | 2.0722 | 9.9480
12 0 04 350 0.18 1.0 0.5509 28239 | 14972 | 23974 | 12.3942
13 500 04 150 0.15 05 0.5484 21703 | 11192 | 21688 | 115794
14 500 04 150 0.15 1.0 0.5825 21492 | 1088 | 24617 | 14.1266
15 500 04 250 0.15 05 0.5000 2.0864 8.92 1.8965 | 9.8811
16 500 04 250 0.15 1.0 0.5681 19647 | 94933 | 2.0899 | 11.6680
17 500 04 350 0.15 05 0.5048 19172 | 10576 | 1.6833 | 8.6027
18 500 04 350 0.15 1.0 0.5821 2649 | 11864 | 1.8430 | 10.0863
19 500 04 150 0.18 05 0.5087 27411 | 1168 | 28463 | 14.3685
20 500 04 150 0.18 1.0 0.5533 28256 | 14144 | 31972 | 17.3288
21 500 04 250 0.18 05 05129 1.7961 84 23813 | 11.6778
22 500 04 250 0.18 1.0 0.5488 28147 | 14604 | 2.6942 | 14.1961
23 500 04 350 0.18 05 0.5379 19386 | 11.39% | 2.0786 | 9.9819
24 500 04 350 0.18 1.0 0.5634 21701 | 1268 | 23739 | 12.2600
25 1000 04 150 0.15 05 0.5354 15088 | 9832 | 21918 | 11.7150
26 1000 04 150 0.15 1.0 0.5860 21122 | 11684 | 24552 | 14.0853
20 1000 04 250 0.15 05 0.4422 20735 | 9.648 | 2.0016 | 10.4863
28 1000 04 250 0.15 1.0 0.5804 20966 | 10.6853 | 2.0704 | 11.5479
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wernsai Asmsaanuuiiia (Dry Cutting) vesiiadans luamasuis KCIL10 (de)

Experi | Chip Force ratio :

Rn V f D Measured R (m Predicted R (um
ment | Volume FylFz (im) (im)
no. em® | Mm | m/min | mm/rev | mm - Ra Rz Ra Rz

2 1000 04 350 0.15 05 0.5073 1.9749 8.348 1.6796 8.5821
30 1000 04 350 0.15 1.0 0.5251 1977 10.092 1.9283 10.6024
i 1000 04 150 0.18 0.5 0.4983 2.6678 12.484 28121 145119
32 1000 04 150 0.18 1.0 0.5310 2.6209 1212 3.2555 176775
3 1000 04 250 0.18 0.5 0.5018 18774 8.636 24042 11.8017
34 1000 04 250 0.18 1.0 0.5612 2.151 13.664 2.6679 14.0433
3 1000 04 350 0.18 0.5 0.6148 2.5959 12712 1.9602 9.3564
36 1000 04 350 0.18 1.0 0.6136 2.2826 11.084 2.2866 117639
3 1500 04 150 0.15 0.5 0.5265 1.8924 1022 2.2078 11.8094
38 1500 04 150 0.15 1.0 0.5801 1.87681 10.88 24662 141549
3 1500 04 250 0.15 0.5 04724 1.5487 6.396 1.9444 10.1568
40 1500 04 250 0.15 1.0 0.5881 2291 11.6453 2.0585 114746
41 1500 04 350 0.15 05 0.5098 21482 10.068 1.6760 8.5618
42 1500 04 350 0.15 1.0 0.5881 1.8997 9.676 1.8347 10.0364
43 1500 04 150 0.18 0.5 0.5036 2.2421 10.336 2.8587 144317
4 1500 04 150 0.18 1.0 0.5343 24001 12.701 3.2465 176236
45 1500 04 250 0.18 0.5 0.5059 1.9204 8.624 2.3957 11,7555
46 1500 04 250 0.18 1.0 0.5167 24731 10.2166 2.7665 14,6162
4 1500 04 350 0.18 0.5 0.9470 2.9403 13.744 1.6216 75912
48 1500 04 350 0.18 1.0 0.8240 33159 17.852 2.0090 10.199%
49 2000 04 150 0.15 0.5 0.5378 2.2251 12.29% 21874 11.68%4
50 2000 04 150 0.15 1.0 0.5752 1.8839 10.616 24753 142126
51 2000 04 250 0.15 0.5 04712 2.1364 7.864 1.9465 10.1689
5 2000 04 250 0.15 1.0 0.5426 1.7082 9.268 21326 119310
53 2000 04 350 0.15 0.5 0.6321 2.3897 1229 15251 1.7157
54 2000 04 350 0.15 1.0 N/A N/A N/A N/A N/A

% 2000 04 150 0.18 0.5 0.4937 2.0345 10.076 2.8838 145711
5 2000 04 150 0.18 1.0 0.5290 24515 13876 3.2608 177091
5 2000 04 250 0.18 0.5 0.8309 1.6758 1.19% 1.9268 9.2459
58 2000 04 250 0.18 1.0 0.5271 20262 9.628 2.7426 144711
5 2000 04 350 0.18 05 N/A N/A N/A N/A N/A

60 2000 04 350 0.18 1.0 N/A N/A N/A N/A N/A
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wensal 3smsdauuuniia (Dry Cutting) vesiiadanis lusinasuis TNMG 160404 HQ

Er;(zre]t“ V(;Ihul rFr)1e Rn |V f D Folr:r;e/stlo Measured R (um) | Predicted R (um)
no. em®* | mm | mmin | mmfrey | mm | degree - Ra Rz Ra Rz
1 0 04 150 015] 025 -6 04191 | 22768 | 9.7856 | 27977 | 11.8704
2 0 04 150 015] 025 -6 04168 | 28965 | 11.6976 | 28023 | 11.8824
3 0 04 150 015] 025 -6 04203 | 24498 | 116112 | 27953 | 11.8644
4 0 04 150 015] 025 -6 04278 | 34699 | 13.8848 | 2.7808 | 11.8267
5 0 04| 150 018| 05 -6 05098 | 35404 | 14.8024 | 38091 | 17.1444
6 500 04 150 018| 05 -6 05409 | 38867 | 19.2512 | 3.7430 | 16.9630
1 500 04| 150 018| 05 -6 05392 | 40336 | 204376 | 3.7465 | 16.9726
8 500 04 150 018| 05 -6 05333 | 43425 | 20.0016 | 3.7588 | 17.0063
9 500 04 150 018| 05 -6 0.6617 | 45231 | 156200 | 35261 | 16.3582
10 1000 | 04] 250 015] 05 -6 05111 | 24335 | 105928 | 26714 | 11.2120
11 1000 | 04] 250 015] 05 -6 05458 | 22261 | 95072 | 26200 | 11.0802
12 1000 | 04] 250 015] 05 -6 05635 | 23008 | 12.0032 | 25953 | 11.0166
13 1000 | 04] 250 015] 05 -6 08966 | 28031 | 12.8760 | 22620 | 10.1332
14 1000 | 04] 250 015] 05 -6 05313 | 23442 | 9.7704 | 26410 | 11.1341
15 1500 | 04 250 018] 025 -6 03675 | 29360 | 11.1208 | 3.6587 | 14.2004
16 2000 | 04| 250| 018] 025 -6 04044 | 35438 | 129160 | 35565 | 13.9578
17 2000 | 04| 250| 018] 025 -6 04251 | 34376 | 134784 | 35043 | 138328
18 2000 | 04| 250| 018] 025 -6 05078 | 34910 | 12.6008 | 3.3248 | 133975
19 2000 | 04| 250| 018] 025 -6 0.6638 | 39812 | 15.6632 | 3.0712 | 12.7666
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wensal 3smsdauuuuiia (Dry Cutting) vesiiadanis lusinasuis TPMR 160304 HQ

Er;(zre]t“ V(;Ihul rFr)1e Rn |V f D Folr:r;e/stlo Measured R (um) | Predicted R (um)
no. em®* | mm | mmin | mmfrey | mm | degree - Ra Rz Ra Rz
1 0 04 | 250 | 018 | 025 11 0.3684 24528 | 11212 | 2660 | 11979
2 0 04 ] 150 | 015 | 05 11 0.4686 22175 | 102184 | 2123 | 10993
3 0 04 | 250 | 015 | 05 11 0.6563 13752 | 88792 | 1805 | 9.046
4 0 04 | 150 | 018 | 05 11 0.7222 237146 | 116864 | 2500 | 13590
5 0 04 | 250 | 018 | 05 11 0.6927 2721 | 122112 | 23718 | 11971
6 50 | 04 | 150 | 015 | 05 11 0.4671 23295 | 134368 | 2.125 | 11.000
1 50 | 04 | 250 | 015 | 05 11 0.5027 13529 | 8236 | 1953 | 9491
8 50 | 04 | 150 | 018 | 05 11 0.4241 22963 | 115584 | 2.927 | 14957
9 50 | 04 | 250 | 018 | 05 11 0.4956 25011 | 125776 | 2626 | 12715
10 1000 | 04 | 250 | 018 | 025 11 0.4048 24823 | 11008 | 2587 | 1L778
11 1000 | 04 | 150 | 015 | 05 11 0.4511 19303 | 105824 | 2147 | 11.069
12 1000 | 04 | 250 | 015 | 05 11 0.5365 19267 | 80352 | 1916 | 9.380
13 1000 | 04 | 150 | 018 | 05 11 0.4439 24941 | 112568 | 2883 | 14.834
14 1000 | 04 | 250 | 018 | 05 11 0.5092 25789 | 11412 | 2605 | 12653
15 1500 | 04 | 250 | 018 | 025 11 0.3228 25565 | 12.3872 | 2767 | 12.267
16 2000 | 04 | 250 | 018 | 025 11 0.2846 27734 | 134776 | 2872 | 12549
17 2000 | 04| 150 | 015 | 05 11 0.4759 28036 | 17.1008 | 2.113 | 10.963
18 2000 | 04 | 250 | 015 | 05 11 0.5588 20715 | 104944 | 1893 | 9312
19 2000 | 04 | 150 | 018 | 05 11 0.4526 33533 | 176 | 2871 | 14782
20 2000 | 04 | 250 | 018 | 05 11 0.4973 30065 | 145864 | 2.624 | 12707
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Experi

Chip

Force ratio

et | Volume Rn |V f D FyF: Measured R (um) | Predicted R (um)
no. em* | mm | mmin | mmfrey | mm | degree - Ra Rz Ra Rz
1 0 08 | 150 | 015 | 015 11 0.6923 1.3312 84 1159 | 7.306
2 0 08 | 250 | 015 | 015 11 0.7174 11054 | 56064 | 1077 | 6.347
3 0 08 | 150 | 018 | 015 11 0.7353 14182 | 868 | 1524 | 9.658
4 0 08 | 250 | 018 | 015 11 0.74 11701 | 54824 | 1429 | 8434
5 0 08 | 250 | 018 | 025 11 0.2556 18269 | 9.1104 | 2069 | 11.099
6 500 | 08 | 150 | 015 | 015 11 0.3483 26385 | 9764 | 1420 | 8268
1 50 | 08 | 250 | 015 | 015 11 0.401 1017 | 55808 | 1280 | 7.047
8 50 | 08 | 150 | 018 | 015 11 0.318 19778 | 1014 | 1953 | 11.230
9 50 | 08 | 250 | 018 | 015 11 0.3505 12012 | 7436 | 1783 | 9.648
10 1000 | 08 | 250 | 018 | 025 11 0.2581 24025 | 138784 | 2.063 | 11.080
11 1000 | 08 | 150 | 015 | 015 11 0.2393 13362 | 89088 | 1587 | 8.846
12 1000 | 08 | 250 | 015 | 015 11 0.2783 23113 | 118984 | 1426 | 752
13 1000 | 08 | 150 | 018 | 015 11 0.23%4 13506 | 72736 | 2124 | 11819
14 1000 | 08 | 250 | 018 | 015 11 0.25 2.2673 | 101144 | 1971 | 10.253
15 1500 | 08 | 250 | 018 | 025 11 0.1852 29865 | 18304 | 2216 | 11762
16 2000 | 08 | 150 | 015 | 015 11 0.3614 25872 | 14924 | 1405 | 8213
17 2000 | 08 | 250 | 015 | 015 11 04 16357 | 109608 | 1281 | 7.050
18 2000 | 08 | 150 | 018 | 015 11 0.3316 20861 | 145016 | 1929 | 11.146
19 2000 | 08 | 250 | 018 | 015 11 0.3622 20341 | 134992 | 1766 | 9.591
20 2000 | 08 | 250 | 018 | 025 11 0.2462 24028 | 14232 | 2092 | 11174
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In-Process Monitoring and Prediction of Surface Roughness on CNC
Turning by using Response Surface Analysis

Somkiat, T.,' Somchart, A..” and Sirichan, T.?

Department of Industrial Engineering, Faculty of Engineering, Chulalongkorn University, Phayathai Road, Pathumwan
Bangkok 10330, THAILAND (Email:Somkiat.ta@chula.ac.th' ,Somchart a@hotmail.com” ,Sirichan.t@chula.ac.th®)

Abstract. This paper presents a model developed for the prediction
of surface roughness based on in-process monitoring of turning of
plain carbon steel (S45C) with the coated carbide tool under various
cutting conditions. It uses a response surface analysis with the Box-
Behnken design based on the experimental results. The in-process
cutting force and cutting temperature are measured to analyze their
relationship with the surface roughness and the cutting conditions.
A tool dynamometer and an infrared pyrometer were employed and
installed on the turret of CNC turning machine to measure the in-
process cutting forces and cutting temperatures. Models of cutting
force ratio and cutting temperature were developed based on the
experimental data. The optimum cutting condition is determined
referring to the minimum surface roughness of the reponse surface
plot, which is obtained from the surface roughness model. The
experimental results show that the cutting temperature increases
with an increase in cutting speed. The higher cutting speed gives the
better surface roughness. The feed rate is the most significant factor
which affects the surface roughness, while a small depth of cut helps
to improve the surface roughness.The effectiveness of the surface
roughness prediction model has been proved by utilizing an analysis
of variance (ANOVA) at 95% confidence level. The minimum
surface roughness can be obtained with the optimum cutting
conditions from the surface roughness model developed.

Keywords: CNC Turning, Box-Behnken design, Surface roughness,
Infrared pyrometer, Cutting force

1. Introduction

Steels such as S45C are most popularly used for
mechanical parts. Turning is one of the important cutting
processes, which is used to cut these materials in order to
obtain the required geometrical shapes.

However, surface roughness cannot be measured while
cutting, and, the same time, there are many factors which
affect the surface roughness of the machined parts.

It is known that the cutting conditions such as the feed
rate, the cutting speed and the depth of cut affect the
surface roughness [1]. It is desirable to know the relations
of them and the surface roughness. Hence, these cutting

parameters are included in the model to predict the
surface roughness.

It is already known that a force sensor is able to generate
a signal corresponding to the surface roughness [2]. The feed
force is most sensitive to the surface roughness while the
main force is affected by the cutting conditions. The main
force and the feed force are adopted to examine the surface
roughness during the cutting. This involves normalizing and
making the cutting forces dimensionless by taking the ratio
of the corresponding time records of the feed force F, to the
main force F,. The cutting force ratio (F,/F,) is the important
factor to analyze the in-process surface roughness even
though the cutting conditions are changed.

The aim of this research is to develop a model for the
prediction of surface roughness based on experimental data
by using the response surface analysis with the Box-
Behnken design in order to determine the optimum cutting
conditions to obtain the minimum surface roughness [3-5]. A
model using the cutting force ratio and cutting temperature
has been developed based on the experimental data in order
to check the relations of the cutting conditions and the
surface roughness.

2. In-process monitoring of cutting forces and
cutting temperatures

The in-process monitoring of cutting forces is used to
examine the effects of the cutting conditions on the
surface roughness. The in-process cutting forces are
monitored during the cutting by employing a
dynamometer.

An infrared pyrometer is used to measure the in-process
cutting temperature during the cutting. The in-process
cutting temperature and cutting forces are then utilized to
build a model relating the in-process cutting force, cutting
temperature and surface roughness together with the
cutting conditions.
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3. Models of surface roughness, cutting force
ratio and cutting temperature

The second-order response model is normally used when
the response function is not known or nonlinear [3-5].
Hence, the functional relations between the responses,
which are the surface roughness (R,), the cutting force
ratio (Fy/F,), and the cutting temperature (T), in the
turning process and the investigated independent
variables, which are the cutting speed (v), the feed rate
(f), and the depth of cut (d) can be represented by the
following equations :

R, =Byt Biv) + o) + Bod) + Buv’) + B(f) + Py(d’)
+ B0 + B(vd) + By(fd) (L.1)

T= B+ Buv) + Buh) + Bis(d) + Biav)) + Bis(f) +

Bis@)’ + Bis(vf) + Brs(vd) + Bro(fd) (1.2)
FEJE. = B+ Bou(v) + Boa) + Bos(d) + Pos(V’) +
Bos(f) + Pos(d’) + Bor(vf) + Pas(vd) + Boo(fed) (1.3)

The values of B coefficients used in these equations can
be obtained by using the Box-Behnken technique. The
analysis of variance (ANOVA) is utilized to prove the
effect of the cutting parameters at 95% confident level.

4. Experimental cutting conditions and
procedures

A series of cutting experiments were carried out in order
to obtain the values of B coefficients in the equations
(1.1) to (1.3). The cutting tests were conducted on a
commercially available small CNC turning machine as
shown in Figure 1. The tool dynamometer and the
infrared pyrometer are shown installed on the turret of
CNC turning machine in order to measure the in-process
cutting force and the in-process cutting temperature,
respectively.

Fig. 1. Illustration of experimental setup

Fig. 2. Box-Benhken design for three variables

Plain carbon steel (S45C) was adopted in the cutting
experiments and the cutting tool was coated carbide
KC9110 [6].

The design of experiments (DOE) has an effect on the
number of experiments required. Hence, the Box-
Benhken design consisting of 15 experiments was used in
the experiments for the three variables as shown in Figure
2. The Box-Behnken design provides three levels which
are low, center, and high for each independent variable as
shown in Table 1

Table 1 Levels of independent variables of the cutting condition

parameters
Levels | Coding | Cutting Feed Depth of
speed, v rate, f cut, d
(m/min) | (mm/rev) (mm)
Low -1 150 0.15 0.50
Center 0 250 0.175 0.75
High +1 350 0.20 1.00

5. Experimental resuls and discussion
5.1 Response Surface Analysis

According to the experimentally obtained results, the
second-order response model representing the surface
roughness (R,) can be expressed by the following equation:

R,=10.304-0.013v - 147.417f+ 8.036d -
0.000016V* + 525.4f - 1.697d° + 0.1253vf +
0.0022vd - 33.056fd (1.4)
By following in the same manner, the second-order
response functions of the cutting temperature and the
cutting force ratio can be expressed by the following
equations:
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T =-3.21875 + 0.2075v + 3640f + 278d - 0.000113V*
- 7400F - 174" - 0.90vf + 0.18vd - 480fd (1.5)

(F,/F.) = 3.371 - 0.00383v - 22.652f + 0.6935d +
0.000031v° + 47.27F + 0.2498d° + 0.01199vf +
0.000166vd + 2.2616fd (1.6)

Table 2 ANOVA table for the second-order response function of the
surface roughness

Source DF | SeqSS | Adj MS F P
Regression | 9 | 11.0021 | 11.0021 | 26.13 | 0.001
Residual 5 0.2340 0.2340
Error
Lack of fit 3 0.2053 0.2053 | 4.77 | 0.178

The results of ANOVA for the second-order response
function of the surface roughness is shown in Table 2.
The P-value is less than 0.05, and hence the surface
roughness model developed is quite adequate. It is
understood that the cutting speed, the feed rate, and the
depth of cut have the most significant effect on the
surface roughness. Moreover, the lack of fit test is 0.178
which means that there is no lack of fit according to the
significant level of 95%.

Figure 3 shows the response surface plot of the
predicted surface roughness (R,) as a function of the
cutting speed and the feed rate at the depth of cut of
0.5 mm from equation (1.4). The figure clearly shows
that the surface roughness increases mainly with an
increase in the feed rate.

Surface Plot of Ra versus Feed rate and Cutting speed

Depth of
cut 0.5mm

Fig. 3. Surface plot of predicted surface roughness versus cutting
speed and feed rate at the depth of cut of 0.5 mm

A response optimization was performed to check the
optimum cutting condition for the minimum surface
roughness as shown in Figure 4. The surface roughness
decreases while the cutting speed increases. The minimum
surface roughness can be obtained at the high level of the
cutting speed, and at the low levels of the feed rate and the
depth of cut respectively. Referring to the minimum surface
roughness, the experimentally obtained optimum cutting

condition is the cutting speed of 350 m/min at the feed rate
of 0.15 mm/rev, and the depth of cut of 0.5 mm.

Y

Fig. 4. The optimization chart for minimum surface roughness for
cutting plain carbon steel by using a coated carbide tool

A Dbetter surface roughness is obtained when the
cutting speed is high enough to avoid the built-up edge
[2]. The other reason is the work material becomes softer
and easy to cut due to the higher cutting temperature
which leads to a low cutting force ratio at the greater
cutting speed as shown in Figure 4.

An increase in the feed rate results in an increment of
the surface roughness which corresponds to the
theoretical surface roughness as shown in Figure 4.

The better surface finish is obtained at the small depth
of cut of 0.5 mm as shown in Figure 4. The larger depth
of cut causes the higher cutting force which results in the
higher surface roughness. It is concluded that the surface
roughness can be improved by cutting with the small
depth of cut.

5.2 Verification of the models

Additional cutting tests were conducted in order to verify
the optimum cutting condition and the models of the
surface roughness prediction, the cutting force ratio and
the cutting temperature.

Fig. 5. Illustration of the measured Ra and the predicted R,
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Figure 5 shows that the experimentally measured
surface roughness is close to the surface roughness
predicted obtained from equation (1.4). It is concluded
that the surface roughness model developed can be
effectively used to predict the surface roughness under
various cutting conditions.

Figure 6 shows the experimentally measured cutting
temperature and the predicted temperature obtained from
equation (1.5). It is implied that the experimentally
obtained model of the cutting temperature can be used to
estimate the in-process cutting temperature, cutting force
and surface roughness even though the cutting conditions
are changed.

Fig. 6. Illustration of the measured T and the predicted T

Fig. 7. [llustration of the measured Fy /F7 and the predicted Fy /Fz

The experimentally measured cutting force ratio is
fitted to the predicted cutting force ratio as shown in
Figure 7. It is seen that the cutting force ratio decreases
while the cutting speed increases as the cutting speed
directly affects the cutting temperature as shown in
Figure 6.

According to Figures 5 to 7, the relations of surface
roughness, the cutting temperature, and cutting force ratio
show the same trend while the cutting speed increases. It
can be stated that the cutting force ratio can be used to
estimate the surface roughness during the cutting. The
phenomena of the cutting force ratio and the surface
roughness correspond with the cutting temperature.

6. Conclusions
In-process monitoring has been used to measure the

cutting temperature and the cutting force by employing
the infrared pyrometer and the tool dynamometer

respectively in order to examine and analyze their effect
on the surface roughness under various cutting conditions
during the cutting.

The resulting surface analysis with the Box-behnken
design was utilized to develop a model to predict the
surface roughness represented by the second-order
response function. The experimentally obtained results
clearly show that the feed rate is the most significant
factor affecting the surface roughness, followed by the
cutting speed. It has been proved that the surface
roughness prediction model developed can be effectively
used to predict the surface roughness with the 95%
confidence level.

The relations of the surface roughness, the cutting
temperature, and the cutting force ratio show the same
trend. The effects of cutting conditions on the surface
roughness can be well explained by the in-process cutting
force and cutting temperature. It is concluded that the
cutting force ratio can be used to predict the in-process
surface roughness during the cutting. The in-process
monitoring of cutting temperature is useful to analyze the
in-process cutting force ratio and surface roughness.

The experimentally determined obtained optimum
cutting condition is a cutting speed of 350 m/min, at a
feed rate of 0.15 mm/rev, and a depth of cut of 0.5 mm.
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Abstract. This paper presents the additional work of the previous research in order to verify the
previously obtained cutting condition by using the different cutting tool geometries. The effects
of the cutting conditions with the dry cutting are monitored to obtain the proper cutting condition
for the plain carbon steel with the coated carbide tool based on the consideration of the surface
roughness and the tool life. The dynamometer is employed and installed on the turret of CNC
turning machine to measure the in-process cutting forces. The in-process cutting forces are used
to analyze the cutting temperature, the tool wear and the surface roughness. The experimentally
obtained results show that the surface roughness and the tool wear can be well explained by the
in-process cutting forces. Referring to the criteria, the experimentally obtained proper cutting
condition is the same with the previous research except the rake angle and the tool nose radius.

Introduction

This research presents the additional work of the previous research of the author [1]. In order to
reduce CO, emission and environmental hazard, there has been a continuing worldwide trend to use
the dry cutting with the major benefits such as reducing the cost of machining operations and the
disposal of cutting fluids [2-3]. However, the effectiveness of the dry cutting depends on the cutting
conditions, such as the machining type, the workpiece material, the cutting tool material and the
cutting tool geometry [4-6]. It is therefore desirable to know the effects of the cutting conditions
with the dry cutting to improve the cutting performance [7-8].

Extensive reseach effects have been devoted so far to investigate the cutting performance of the
modern cutting tools such as coated cermet and coated carbide tools in the dry cutting [9-10].
Hence, the aim of this research is to monitor and examine the cutting conditions with the dry cutting
by using the different tool rake angles and tool nose radiuses to confirm the proper cutting condition
obtained from the previous research for the plain carbon steel with the coated carbide tool in turning
process.

In-Process Monitoring of Cutting Forces

The in-process monitoring of cutting forces is utilized to examine and analyze the cutting
conditions with the different cutting tool geometries on CNC turning machine. The dynamometer is
employed and installed on the turret of CNC turning machine in order to measure the in-process
cutting forces. The in-process cutting forces are analyzed and interpreted for the in-process cutting
temperature, the surface roughness, and the tool wear under various cutting conditions.

The proper cutting condition is determined based on the criteria of the surface roughness of the
machined part, and the life of the cutting tool.

Effects of Cutting Conditions on Surface Roughness, Tool Wear, Cutting Force, and Cutting
Temperature

It is known that the cutting conditions affect the surface roughness [1]. The better surface roughness
Is obtained when the cutting temperature is suitable. However, it is expected that the large feed rate
causes the large cutting force which results in the poor surface roughness due to the vibration of the
cutting tool during the cutting.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 161.200.89.92-22/03/10,09:38:01)
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The tool life is also expected to be improved while cutting with the positive rake angle. Since the
positive rake angle helps to increase the chip flowability, which aids to pull out the heat on the
cutting tool. Hence, the rate of tool wear is low as a result of the low cutting force and the low
surface roughness.

Experimental Equipment and Cutting Conditions

The major cutting conditions of the previous research [1] are adopted to verify and examine the
obatined proper cutting condition with the new cutting tool geometries as shown in Table 1. The
plain carbon steel (JIS:S45C) is used for the cutting tests. The dynamometer is installed on the
turret of CNC turning machine to measure the in-process cutting forces as shown in Fig. 1. The
uncertainty of the measuring equipment is shown in Table 2. Three repetitions of cutting tests are
performed for each cutting condition. The average values of the cutting force, the tool wear and the
surface roughness are calculated for each chip value.

The life of the cutting tool is predetermined as the limited flank wear (Vb) of 0.3 mm. The
acceptable surface roughness (Ra) is less than 3.125 um referring to JIS B0601 (1982).

Cutting Tool
—

Dynamon%el[“ -
=

.~ Y
Workpiece

Fig. 1 lllustration of experimental setup

Table 1 Major cutting conditions

Cutting Conditions
Cutting Speed [m/min] 150, 250
Feed Rate [mm/rev ] 0.15,0.18
Depth of Cut [mm] 0.5
Volume of Chip [cm?] 2000
Tool
Coated geometry
Carbide
Tool A T | @d A T 2d | o
9.525 4.76 3.18 R, 9.525 4.76 3.18 116 R,
mm mm mm mm mm mm
ANSI TNMG160404HQ 0.4 mm TPMR160304HQ 0.4 mm
Number TNMG160408HQ 0.8 mm TPMR160308HQ 0.8 mm
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Table 2 Uncertainty of measuring equipment

Measurement Model Uncertainty [%]
Force sensor Fy Kistler 9121 1.20
Fz 2.20
. X-axis 2.00
Microscope Y axis MM 60/L3 500
Surface Tester TSK surfcom1400D 1.57

Experimental Results and Discussions

The effect of the tool nose radius on the tool wear, the cutting force, and the surface roughness is
shown in Figs. 2 to 4. The low rate of tool wear appears while cutting with the large tool nose
radius (R, = 0.8 mm). It is interpreted that the large contact length between the tool edge and the
workpiece helps to dissipate the heat on the cutting tool which results in the low rate of tool wear,
the low cutting force and the low surface roughness [1, 11].

The in-process cutting forces decrease while cutting with the large tool nose radius as a result
of the better surface finish obtained. It is understood that the in-process cutting forces can be
used to predict the surface roughness during the cutting.

However, the cutting forces increase suddenly at the chip volume of 1500 cm® as shown in
Fig. 3. It is understood that the tool wear becomes larger especially cuttng with the small tool
nose radius of 0.4 mm, which leads to the damage of the surface roughness as shown in Fig. 4.

The experimentally obtained results show that the relation between the tool wear and the surface
roughness, the relation between the tool wear and the cutting force, and the relation between the
cutting force and the surface roughness are correspondent with the same trend as shown in Figs. 2
to 4. The phenomena of the surface roughness and the tool wear can be well explained by the in-
process cutting forces.

Fig. 2 Examples of experimentally obtained Fig. 3 Examples of experimentally obtained
relation of flank wear and volume of chip with  relation of cutting force and volume of chip with
dry cutting by using negative rake angle at dry cutting by using negative rake angle at
cutting speed 150 m/min, feed rate 0.15 mm/rev, cutting speed 150 m/min, feed rate 0.15 mm/rev,
depth of cut 0.5 mm depth of cut 0.5 mm

Fig. 5 shows that the better surface roughness (Ra) is obtained by using the negative rake angle
with the tool nose radius of 0.8 mm at the cutting speed of 250 m/min, the feed rate of 0.15 mm/rev,
and the depth of cut of 0.5 mm. It is implied that the work material becomes softer and easy to cut
at the greater speed due to the suitable cutting temperature, which results in a degree of self-
lubrication [12]. Hence, the quality of surface finish improves.
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Fig. 4 Examples of experimentally obtained Fig. 5 Examples of experimentally obtained
relation of surface roughness and volume of chip relation of surface roughness and volume of chip
with dry cutting by using negative rake angle at ~ with dry cutting by using negative rake angle
cutting speed 150 m/min, feed rate 0.15 mm/rev,  with tool nose radius 0.8 mm at feed rate 0.15

depth of cut 0.5 mm mm/rev, depth of cut 0.5 mm

However, the surface roughness deceases at the chip volume of 1500 cm?® and the cutting speed
of 250 m/min. It is understood that the tool nose radius becomes larger when the cutting tool is
worn, and consequently the theoretical surface roughness decreases [1]. Fig. 6 shows that the nose
radius of the worn tool (R2) is larger than the one of the new tool (R1). The larger tool nose radius
can help to reduce the feed marks on the machined surface as a result of the low surface roughness
obtained.

As the chip volume increases up to 1000 cm?, the better surface roughness (Ra) is obtained at the
small feed rate of 0.15 mm/rev as shown in Fig. 7. Since the surface roughness depends on the feed
rate due to the theoretical surface roughness. The higher feed rate increases the larger feed marks left
on the machined surface as a consequence, the higher surface roughness occurs as shown in Fig. 8.

Small tool nose radiug Large tool nose radus

". Slu‘fnce;

Workpiece

Workpiece

o]

Fig. 6 Hlustration of tool nose radiuses of new Fig. 7 Examples of experimentally obtained
tool R1, and worn tool R2 relation of surface roughness and volume of
chip with dry cutting by using negative rake
angle with tool nose radius 0.4 mm at cutting
speed 150 m/min, depth of cut 0.5 mm

Small feed rate Large foed rate Small feed rate Large feed rate
Feed Feed

Feed P?Ed . -Mnn Depth .,djr?(ﬁu“ Depth
direction direction of cut Cutting ar of cut

Roughness Roughness % e %

s A z
—— . b -
Feed rate Feed rate Feed rate Feed rate
Fig. 8 lllustration of the feed marks on the Fig. 9 lllustration of the feed rate and the

machined surface cutting area
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The other reason is that the large feed rate causes the large cutting area which affects the vibration of
the cutting tool due to the large cutting force, which leads to the poor surface roughness as shown in Fig.
9.

However, the surface roughness increases far above the theoretical value for both feed rates at the chip
volume of 1500 cm® as shown in Fig. 7. It is understood that the higher cutting force increases due to the
larger contact length between the tool nose radius and the workpiece, which damages the machined
surface.

Fig. 10 shows that the higher feed rate gives the shorter tool life. It is understood that the higher
cutting temperature occurs with the use of the higher feed rate. Hence the cutting tool is worn easier
and the cutting force becomes larger, as a result of the poor surface finish obtained.

Fig. 11 shows the progress rates of tool wear with the different rake angles. The low rate of tool
wear occurs with the positive rake angle. It is uderstood that the better surface finish is obtained.
Since the positive rake angle helps to increase the chip flowability which reduces the cutting force
and the heat on the cutting tool. Hence, the low cutting force and the low surface roughness are
obtained. While the negative rake angle obstructs the chip flowability, which increases the tool
wear rate, the cutting force, and the surface roughness.

Ij Limited flank wear

Fig. 10 Examples of experimentally obtained Fig. 11 Examples of experimentally obtained

relation of flank wear and volume of chip with  relation of surface roughness and volume of chip

dry cutting by using negative rake angle with  with dry cutting at cutting speed 250 m/min, feed

tool nose radius 0.4 mm at cutting speed 150 rate 0.15 mm/rev, depth of cut 0.5 mm?
m/min, depth of cut 0.5 mm

Table 3 compares the experimentally obtained tool lives under any cutting conditions with the
dry cutting and the positive rake angle. The tool life can be prolonged by using the cutting speed of
250 m/min, which is the same result as the previous work [1]. The dry cutting leads to the practice
of minimum quantity lubrication (MQL) with major benefits such as reducing the cost of cutting
fluids and the disposal of cutting fluids.

Table 3 Comparison of the experimentally obtained tool lives at any cutting conditions

i i Cutting Speed (m/min
Cutting Conditions utting Speed (m/min)
150 250

Feed Rate _
o o g 0.15 mm/rev R,0.8<R,0.4 R, 0.4 <R, 0.8 3
g =3 Feed Rate -
= =
™ | 0.18 mmirev Ry0.4<R;0.8 R,0.4<R,0.8 =

Referring to the criteria of the acceptable surface roughness and the longest tool life, the proper
cutting condition can be determined here based on the experimental data by using the positive rake
angle with the tool nose radius of 0.8 mm, at the cutting speed of 250 m/min, the feed rate of 0.15
mm/rev, and the depth of cut of 0.5 mm.

1DBIU0D - JUBWIWOD - } NSU0d

[ )12eqpasy

£

mmmmmmm


http://www.scientific.net/feedback/78771
http://www.scientific.net/feedback/78771

Key Engineering Materials Vol. 443 387

According to the proper cutting condition obtained in this research, it is the same as the
experimentally obtained result from the previous research except the rake angle and the tool nose
radius.

Conclusions

In order to verify the obtained proper cutting condition with the dry cutting from the previous
research, the in-process monitoring of cutting conditions with the new cutting tool geometries on
CNC turning machine is proposed and utilized to investigate the cutting conditions. The
dynamometer is employed to measure the in-process cutting forces during the cutting. The in-
process cutting forces are monitored and interpreted for the in-process cutting temperature, the
surface roughness, and the tool wear.

The effects of the cutting conditions, such as the cutting speed, the feed rate, the tool nose radius,
and the rake angle, are examined and analyzed to obtain the proper cutting condition. The proper
cutting condition is determined based on the criteria of the surface roughness and the tool life.

The experimentally obtained results show that the relation of the tool wear and the surface
roughness can be well explained by the in-process cutting forces. The experimentally obtained
proper cutting condition is the same with the previous work except the rake angle and the tool nose
radius.
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ABSTRACT

The objective of this research is to propose a
practical model to predict the in-process surface
roughness during the turning process by using
the cutting force ratio. The proposed in-process
surface roughness model is developed based on
the experimentally obtained results by
employing the exponential function with five
factors of the cutting speed, the feed rate, the
tool nose radius, the depth of cut, and the
cutting force ratio. The multiple regression
analysis is utilized to calculate the regression
coefficients with the use of the least square
method. The prediction interval of the in-process
surface roughness model has been also
presented to monitor and control the in-process
predicted surface roughness at 95% confident
level. All those parameters have their own
characteristics to the arithmetic average surface
roughness and the surface roughness, which is
the ten-point average surface roughness. It is
proved by the cutting tests that the proposed
and developed in-process surface roughness
model can be used to predict the in-process
surface roughness by utilizing the cutting force

Transactions of NAMRI/SME
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ratio with
accuracy.

the highly acceptable prediction

INTRODUCTION

Turning process is one of the most important
processes which are widely used to produce the
mechanical parts. One of the long-term
concerns in the turning process is the surface
roughness of the machined parts. However, the
surface roughness cannot be measured while
cutting at the same time as there are many
factors affecting to the surface roughness of the
machining parts. It is therefore required to know
the surface roughness during the in-process
cutting. The difficulty in controlling the surface
roughness is that it is not possible to measure
the surface roughness while machining.

Hence, it is therefore necessary to develop the
in-process monitoring system to estimate the in-
process surface roughness during the cutting.
Hence, the in-process monitoring and estimation of
the surface roughness is proposed and developed
in this research.

Extensive research efforts have been devoted
so far to develop the surface roughness models
(Sahin and Motorcu, 2008). The effects of the
cutting conditions are studied and investigated
for the models (Davim, Gaitonde and Karnik,

Volume 38, 2010



2008; Cakir, Ensarioglu and Demirayak, 2009).
The artificial neural network and design of
experiment have been used in different ways to
develop the surface roughness models with
some sensor technologies by many researches
(Feng and Wang, 2003; Choudhury and
Bartarya, 2003). However, the preliminary
experiments for specific cases of different
conditions are always required to set up the
database and train the system. The sensors and
the methodologies have been developed to
predict the surface roughness (Shiraishi, 1981;
Nara, 1969). The sensors used in the in-process
monitoring system, which request proper
algorithms to process the outputs such as force
sensor, are gradually spreading in the intelligent
machines. It is already known that the force
sensor is able to generate a signal
corresponding to the in-process surface
roughness (Lu, 2008; Lalwani, Mehta and Jain,
2008; Ignatov, Perminov and Prokofev, 2008).
The feed force is most sensitive to the surface
roughness while the main force is affected by
the cutting conditions (Moriwaki, Shibasaka and
Somkiat, 2004; Tlusty and Andrews, 1993; Lee,
Kim and Lee, 1998). Hence, the main force and
the feed force are adopted to estimate the
surface roughness during the cutting.

However, the cutting forces may be affected
by the cutting conditions. The cutting forces are
therefore necessary to be generalized and non-
scaled to estimate the in-process surface
roughness regardless of the cutting conditions.
The ratio of the cutting forces is proposed to
estimate the surface roughness because it is not
sensitive to the variation of the cutting conditions
in its components. The proposed dimensionless
cutting force ratio consists of the main cutting
force F, as the denominator and the feed force
F, as the numerator.

It is known that the cutting conditions affect the
surface roughness such as the feed rate, the cutting
speed, the depth of cut, and the tool nose radius. It
is desirable to know the relation of them and the
surface  roughness. Hence, those cutting
parameters will be also considered to estimate the
surface roughness.

The aim of this research is to propose a method of
the in-process monitoring of cutting force ratio to
estimate the in-process surface roughness of the
arithmetic average surface roughness which can be
used in practice. The in-process surface roughness
model is developed under various cutting conditions
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by employing the exponential function with the aid of
the multiple regression analysis and the use of the
least square method.

IN-PROCESS PREDICTION OF SURFACE
ROUGHNESS

Monitoring of Cutting Force Ratio

The method is proposed here to use the in-
process monitoring to measure the in-process
cutting forces during the process to predict the
surface roughness under various cutting
conditions.

However, the cutting forces vary when the
cutting conditions are changed which affect the
surface roughness. It is known that the feed
force affects the surface roughness while the
main force depends on the work materials, the
cutting conditions as well as the chip volumes
(Moriwaki, Shibasaka and Somkiat, 2004; Tlusty
and Andrews, 1993; Choudhury and Kishore,
2000; Lee, Kim and Lee, 1998). Hence, it is
necessary to generalize the cutting forces to
estimate only the surface roughness without the
effects of the combinations of the cutting
conditions.

The cutting forces are normalized and
dimensionless by taking the the ratio of the
corresponding time records of the feed force F,
to the main force F,. The cutting force ratio F,/F,
is the important factor to estimate the in-process
surface roughness during the cutting. It is
expected that the cutting force ratio can be used
to predict the in-process surface roughness
even though the cutting conditions are changed.

Hence, the in-proess surface roughness model
is developed based on the experimentally
obtained results by utilizing the in-process
monitoring system of the cutting force ratio with
the wide range of the cutting conditions.

Relations of Cutting Conditions, Cutting
Forces and Surface Roughness

In case of turning process, the cutting
conditions such as the feed rate, the cutting
speed, the depth of cut, and the tool nose
radius, affect the surface roughness (Somkiat,
2009).

Since the feed rate and the tool nose radius

are generally adopted to be monitored, as they
are directly related to the theoretical surface
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roughness. The large tool nose radius gives the
low theoretical surface roughness while the high
feed rate increases the theoretical surface
roughness.

The good quality of surface finish is expected
to be obtained at small depth of cut. Since the
surface roughness depends on the cutting force.
The cutting force affects the vibration of cutting
tool during the cutting which leads to the poor
surface roughness.

Generally, the cutting force increases with an
increase in the depth of cut and the feed rate.
Hence, the larger cutting force appears, the
higher surface roughness will occur.

A selected cutting speed may cause the
suitably in-process cutting temperature, and
hence the work material becomes soft and easy
to cut. Consequently the quality of surface finish
is good.

It is therefore required to know the relations of
the feed rate, the tool nose radius, the cutting
speed, the depth of cut, the cutting force, and
the surface roughness. Hence, the above cutting
parameters will be considered to estimate the in-
process surface roughness.

In-Process Prediction of Surface Roughness
Model

Basically, the theoretical surface roughness
model is presented in the exponential function
with the factors of the feed rate and the tool
nose radius. Hence, the exponential function is
adopted here to develop the in-process surface
roughness model.

To estimate the in-process surface roughness
during the cutting, the cutting force ratio and the
cutting parameters are utilized in the model.
Hence, the relations of the arithmetic average
surface roughness, the surface roughness, the
cutting force ratio, and the cutting parameters
are proposed here as:

z

where R, is the arithmetic average surface
roughness in um, R; is the ten-point average of
surface roughness in um, Vis the cutting speed
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in m/min, fis the feed rate in mm/rev, R, is the
tool nose radius in mm, D is the depth of cut in
mm, F,/F, is the cutting force ratio, a;, a, as, as,
as, as, a;, ds, d&s, a1, Cy, and C, are the
regression coefficients of the models.

A nonlinear form of Egs. (1) and (2) are converted
and presented into the following multiple-linear form
by taking the logarithmic transformation:

F
InR,=a¢InV+a,Inf+a,InR +a,InD+a,In| =
F,
@)
F,
InR =aq,InV+a,Inf+a,InR +a,InD+a,In| =
| @

Referring to the multiple regression analysis, Egs.
(3) and (4) can be simplified and rewritten as:

h= Bo + ﬁlxl + Bzxz + B3x3 + B4x4 + B5x5

yZ = BG + B7x1 + BSxZ + [39.7(:3 + B10x4 + Blle

(5)
(6)

where y; and y, stand for the responses or
estimated values for InR, and InR,. In addition,
X1, Xo, X3, X4, and xs are the logarithmic
transformation of InV, Inf InR, InD, and
In(F,/F,), respectively. The values of B, and Bs
are the y-intercept which equal to the values of
y; and y, when all the parameters x; to x5 are
zero. While the values of By, Bz, Bs, B4 Bs, Bs;
B7, Bs, Bg, B1o, and By are the regression
coefficients.

The values of Bh BZ! B3! B4! B5! BG! B7! BB! BQ! B10)
and B44 in Egs. (5) and (6) are obtained based on
the actual cutting results by utilizing the multiple
regression analysis with the use of the least square
method.

Finally, the prediction interval (Pl) of the in-
process surface roughness model at 95% confident
level is calculated and proposed to predict the
distribution of individually predicted points in which
the future predicted values of the in-process
predicted surface roughness will fall. The 95%
prediction interval lines give the highest advantage
of monitoring and controlling the in-process surface
roughness, which can be used with a wide range of
cutting conditions.

EXPERIMENTAL CUTTING CONDITIONS
AND PROCEDURES

Series of the cutting experiments were carried

out to obtain the regression coefficients in Egs.
(5) and (6). The cutting tests are conducted on a

Volume 38, 2010



commercially available small CNC turning
machine as shown in Figure 1. The
dynamometer is employed and installed on the
turret of CNC turning machine to measure the
in-process cutting forces as shown in Figure 1.

The carbon steel (AISI 1045) is adopted in the
cutting experiments and the cutting tool is
coated carbide with the different tool nose
radiuses of 0.4 and 0.8 mm. The major cutting
conditions are summarized in Table 1. Three
repetitions of cutting tests are performed for
each cutting condition.

First, the following experimental procedures
are adopted to obtain the relation of the surface
roughness, the cutting force ratio, and the
cutting parameters;

1. Start cutting with a new cutting tool at a
constant cutting speed and a depth of cut and
measure the cutting force.

2. Calculate the cutting force ratios at varied feed
rates, and measure the surface roughness for
the different chip volumes of 1,000, 1,500, and
2,000 cm”.

3. Repeat the procedures (1) to (2) three times
under the same cutting conditions, and
compute the average value of the cutting force
ratios and the surface roughness, which is the
ten-point average surface roughness for each
chip volume.

4. Plot the relation of the arithmetic average
surface roughness, the surface roughness, the
cutting force ratios, and the cutting parameters.

5. Repeat the procedures (1) to (4) with another
cutting tool for another cutting speeds and
depths of cut.

6. Calculate the in-process surface roughness
model and the prediciton interval of the model
at 95% confident level.

Second, to check the performance of the
proposed method and verify the in-process
surface roughness model, the following
procedures are adopted to predict the in-process
surface roughness during the actual cutting;

7. Repeat the new cutting tests with the new
cutting conditions and measure the cutting force
ratios when the surface roughness is to be
monitored, and calculate the predicted surface
roughness from the in-process surface
roughness model obtained.

8. Calculate and check the accuracy of the in-
process surface roughness model by
comparing the experimentally measured

Transactions of NAMRI/SME

310

surface roughness with the predicted surface
roughness obtained from the model.

9. Calculate the prediction interval of the in-
process surface roughness model, and monitor
the  experimentally  measured  surface
roughness and the predicted surface
roughness obtained from the model.

FIGURE 1. ILLUSTRATION OF EXPERIMENTAL
SETUP.

TABLE 1. MAJOR CUTTING CONDITIONS

Cutting tool Coated carbide tool

TPMR 160304 HQ

Tool geometry TPMR 160308 HQ

Workpiece AISI 1045 Carbon steel
Cutting speed (m/min) 150, 250
Feed rate (mm/rev) 0.15,0.18
Depth of cut (mm) 0.25,0.5

Chip volume (cm®) 1,000, 1,500, 2,000

EXPERIMENTAL RESULTS AND DISCUSSIONS

Effects of Cutting Conditions and Cutting
Force Ratios on Surface Roughness

To realize the inteligent machine tools, the
relations of the cutting force ratios, the cutting
conditions and the surface roughness are examined
to develop the in-process surface roughness model.
Figure 2 shows the experimentally obtained relation
of the cutting force ratio and the chip volume. While
the chip volume increases, the cutting force ratio
tends to decrease. It means that an increase in the
main force is larger than that in the feed force while
the chip volume or the tool wear increases
(Moriwaki, Shibasaka and Somkiat, 2004).

The experimentally obtained cutting force ratio of
the tool nose radius of 0.4 mm is larger than that of
the tool nose radius of 0.8 mm. It is understood that
the feed force is larger than the main force while
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FIGURE 2. EXAMPLES OF EXPERIMENTALLY
OBTAINED RELATION OF CUTTING FORCE RATIO
AND CHIP VOLUME AT V250 M/MIN, f0.18 MM/REV,
R, 0.4 AND 0.8 MM, AND D 0.25 MM.

cutting with the small tool nose radius which
corresponds to the theoretical surface roughness
that the small tool nose radius causes the higher
surface roughness.

However, the cutting force ratio of the tool nose
radius of 0.8 mm becomes larger again at the chip
volume of 2000 cm?®, which is almost the same as
the cutting force ratio at the chip volume of 1000
cm’. It is understood that the tool nose radius
becomes larger after the cutting tool is worn, and
consequently the theoretical surface roughness
decreases.

Hence, the above values of the surface roughness
at chip volume of 1,000 and 2,000 cm3 are nearly
the same as shown in Figure 3. It is implied that the
cutting force ratio affects the surface roughness
which can be used to analyze and estimate the in-
process surface roughness.

The experimentally obtained relation of the
surface roughness and the cutting force ratio at the
different chip volume of 1,000, 1,500, and 2,000
cm3 is shown in Figure 3 It can be stated that the
greater the cutting force ratios, the less the Ra and
Rz. It is interpreted that the surface roughness
increases while the chip volume or the tool wear
increases.

The relation between the surface roughness
and the cutting force ratio shows the same trend
even though the cutting conditions are different.
It is understood that the cutting force ratio can
be used to estimate the in-process surface
roughness during the cutting.

The effect of cutting speed is shown in Figure
4. It is understood that the surface roughness
decreases while the cutting speed increases.
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(A) ARITHMETIC AVERAGE SURFACE ROUGHNESS, R;

(B) TEN-POINT AVERAGE SURFACE ROUGHNESS, R:

FIGURE 3. EXAMPLES OF EXPERIMENTALLY
OBTAINED RELATIONS OF SURFACE
ROUGHNESS AND CUTTING FORCE RATIO AT V
250 M/MIN, f0.18 MM/REV, D 0.25 MM.

The higher cutting speed causes the high cutting
temperature, and hence the work material
becomes soft and easy to cut. Consequently the
quality of surface finish is good.

The cutting forces tend to decrease while the
cutting speed is higher due to the softening of
work material. At the same time, the better
surface finish is obtained as the cutting force
decreases.

FIGURE 4. EXAMPLES OF EXPERIMENTALLY
OBTAINED RELATIONS OF SURFACE ROUGHNESS
AND CUTTING SPEED AT f0.15 MM/REV, R, 0.4 MM,
D 0.5 MM, VOLUME OF CHIP 2000 CM®,
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FIGURE 5. EXAMPLES OF EXPERIMENTALLY
OBTAINED RELATIONS OF SURFACE
ROUGHNESS AND FEED RATE AT V250 M/MIN,
R, 0.4 MM, D 0.5 MM, VOLUME OF CHIP 2000 CM°.

An increase in feed rate results in the
increment of the surface roughness which
corresponds to the theoretical surface

roughness as shown in Figure 5. It is known that
the larger feed rate gives the high feed marks
left on the machined surfaces after cutting which
causes the higher surface roughness. The other
reason is that an increase in the feed rate
causes the large cutting force which results in
the cutting tool vibration, as a consequence of
the poor surface roughness obtained.

Figure 6 shows that the experimentally
obtained ten-point average surface roughness
decreases as the tool nose radius increases
which corresponds to the theoretical surface
roughness. Since the tool nose radius helps to
reduce the feed marks on the machining
surface, and consequently the surface
roughness decreases.

The other reason is that the larger contact
length between the tool nose radius and the
workpiece helps dissipate the heat on the cutting
edge (Somkiat, 2009) which leads to the low
rate of tool wear, and as a result the low surface
roughness appears as shown in Figure 6.

The better quality of surface finish is obtained
at small depth of cut 0.25 mm as shown in
Figure 7. Since the larger depth of cut gives the
high cutting force which causes the higher
surface roughness obtained. It is understood
that the surface roughness can be improved by
cutting with the small depth of cut

Referring to Figures 2 to 7, it is concluded that
the  surface roughness  will increase
proportionally to the feed rate and the depth of
cut. In contradictory, the surface roughness is
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FIGURE 6. EXAMPLES OF EXPERIMENTALLY
OBTAINED RELATION OF SURFACE ROUGHNESS
AND TOOL NOSE RADIUS AT V250 M/MIN, f0.18
MM/REV, D 0.5 MM, VOLUME OF CHIP 2000 CM°.
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Surface Roughness, Rz (1m )
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02 025 03 035 04 045 0s 055

Depth of cut { nun )

FIGURE 7. EXAMPLES OF EXPERIMENTALLY
OBTAINED RELATION OF SURFACE ROUGHNESS
AND DEPTH OF CUT AT V250 M/MIN, f0.18
MM/REV, R, 0.8 MM, VOLUME OF CHIP 2000 CM°.

inversely proportional to the cutting speed, the
tool nose radius and the cutting force ratio.

Surface Roughness Prediction

The experimentally obtained in-process
surface roughness models by utilizing the least
square method based on the experimentally
obtained cutting data are:

51 =4.50-0.342x, +131x, ~0.397x, +0.221x, -0.439x, (7)

¥, =6.17—-0.398x, +0.984x, — 0.085x, +0.329x, —0.484x, (8)

Equations (7) and (8) are substituted by the
natural logarithm to each variable and
transformed to the primitive exponential form as:

f{a —899e (V)—0.342 R (f)1.31 R (Rn)70'397 . (D)0_221

. (F;’)—OA'JB
E (9)

Rz — 478 (V)—o.:sgg . (f)0,984 R (Rn )—0.085 . (D)Qggg

-0.484
o B
F z

(10)
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The experimentally obtained in-process
prediction of surface roughness model is valid at
a high significance (P-value = 0.000) at 95%
confident level. Therefore, the proposed method
is reliable and usable to predict the in-process
surface roughness of the arithmetic average
surface roughness by utilizing the in-process
monitoring system of the cutting force ratio with
the cutting conditions of the cutting speed, the
feed rate, the tool nose radius, and the depth of
cut as the important predictors.

According to Egs. (9) and (10) stated above,
the sensitivity of the logarithm transformation of
the surface roughness to the cutting conditions
is considered which are the cutting speed, the
feed rate, the tool nose radius, the depth of cut,
and the dimensionless cutting force ratio. The
magnitude of the power of each parameter
means to the responsibility of that parameter to
the equations, while the sign of the power
means to how it affects to the arithmetic average
surface roughness and the ten-point average
surface roughness. The most influence factor is
the feed rate.

The arithmetic average surface roughness and
the ten-point average surface roughness are
increased with the increasing of the feed rate
and the depth of cut, and the decreasing of the
cutting speed, the tool nose radius and the
cutting force ratio.

Surface Roughness Prediction Accuracy and
Prediction Interval

The new cutting tests are conducted to verify
the accuracy of the in-process surface
roughness model by utilizing the new cutting
conditions as shown in Table 2.

Figure 8 shows the experimentally measured
surface roughness of 33 cutting tests, and the
in-process  predicted surface  roughness
obtained from the equations (9) and (10). The
prediction accuracy of the R, and R, is about
87.8% and 86.5%, respectively. It indicates that
the proposed in-process surface roughness
model can be effectively used to monitor and
predict the in-process surface roughness.

The 95% prediction intervals of the in-process
surface roughness models with transformation of
the R, and R, are computed to predict the
distribution of the individually predicted values of
the in-process predicted surface roughness. The
upper line and the lower line of the prediction
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TABLE 2. NEW CUTTING CONDITIONS.

Cutting tool Coated carbide tool
Tool geometry DNMG 1144FN KC9100
Workpiece AISI 1045 Carbon steel
Cutting speed (m/min) 150, 250, 350
Feed rate (mm/rev) 0.15,0.18
Depth of cut (mm) 0.5, 1

Chip volume (cm®)

1,000, 1,500, 2,000

(B) Rz

FIGURE 8. ILLUSTRATION OF THE MEASURED
SURFACE ROUGHNESS AND THE PREDICTED
SURFACE ROUGHNESS.

interval of the in-process predicted surface
roughness at 95% confident level are shown in
Figure 9.

Figure 9 shows that the experimentally
measured arithmetic average surface roughness
and the in-process predicted surface roughness
obtained from Eqgs. (9) and (10) are in the 95%
prediction interval lines. It is understood that the
prediction interval of the in-process surface
roughness model can be used to monitor and
control the in-process surface roughness during
the cutting by referring to the 95% prediction
interval lines.

Since the proposed model is developed from
the actual cutting data with no any dummy level
sets, it can be effectively used to predict the in-
process surface roughness for any cutting
conditions while the others cannot. It is implied
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(B) Rz

FIGURE 9. ILLUSTRATION OF THE MEASURED
SURFACE ROUGHNESS, THE PREDICTED SURFACE
ROUGHNESS, AND THE 95% PREDICTION INTERVAL
OF THE PREDICTED SURFACE ROUGHNESS.

that the higher cutting performance and the
better surface finish can be achieved which
leads to the lower production cost and also, the
higher production rate by reducing the product
defects.

CONCLUSIONS

The in-process monitoring is proposed to
measure the cutting forces to predict the in-
process surface roughness under various cutting
conditions during the cutting.

A cutting force ratio is proposed to predict the
in-process surface roughness even though the
cutting conditions are changed, which is the ratio
of the corresponding time records of the feed
force to the main force.

The relations of the surface roughness, the
cutting speed, the feed rate, the tool nose
radius, the depth of cut, and the cutting force
ratio are investigated to develop the in-process
surface roughness model. The exponential
function is employed to represent the relation of
the arithmetic average surface roughness, the
surface roughness, which is the ten-point
average surface roughness, the cutting force
ratio, and the cutting parameters. The multiple
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regression analysis has been utilized to
calculate the regression coefficients of the in-
process prediction of surface roughness model
by using the least square method.

It is proved by the cutting experiments that the
in-process surface roughness can be predicted
and obtained with the high accuracy by using
the in-process surface roughness model
proposed.

The largest potential advantage of the method
proposed here is that the 95% prediction interval
of the in-process surface roughness model can
be utilized to check and control the in-process
surface roughness during the cutting referring to
the upper and lower lines of the in-process
predicted surface roughness at 95% confident
level.
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