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Effects of Cutting Conditions on Specific Cutting Force Coefficients in End Milling

Sin-Young Lee*

jr Abstract ,7

Machining Experiment(7}g 4%)

For improvement of productivity and cutting tool life, cutting force in end milling needs to be predicted accurately.
In order to analyze cutting force, the cutting dynamics was modelled mathematically by using chip load, cutting geometry,
and the relationship between cutting forces and the chip load. Specific cutting force coefficients of the cutting dynamics
model were obtained by average cutting forces, tool diameter, cutting speed, feed, axial depth, and radial depth of cut.
The effects of the cutting conditions on the specific cutting force constants in milling were studied. The model is verified
through comparisons of model predicted cutting forces with measured cutting forces obtained from machining experiments.
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Fig. 1 End mill and its axial elements
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Table 1 Analysis of variance table for 3 factor model

Source DOF MS Fo

A a1 SS4(a1) MS/MSg
b1 SSp/(b-1) MSy/MSg

C c1 SScf(c-1) MSc/MSk
AB (@1)B-1) | SSwa-1)b-1) | MSw/MSg
AC (a-1)c-1) SSucKa-1)(c-1) | MSi/MSe
BC (b-1)c-1) SSecA(b-1)(c-1) | MSpc/MSk

Error DOFg SSe#/DOFg

Total aben-1




EE AA5HH Table 12} 2t

HAAG o] Aip dofl BARE AFeto] 242t H¥ ol
220 AFHE Adohe ARERE e HdAEE 1
o AGEE peat 3 W), AGE (ng, DOF)Q FEI
£ 3t} WA Table 19] F, 313} FEERO Flop (a)
BlEstd FoE (1 )dliNY 9Fo4Re B4E +

o

¥O it

4, HA A

2 Aol AHSE 37| Ae TR hg 24 A3t
A Aolst7] Yate] HAIJAEE AHEBF AL, A &
< FTEEUAE AHSSHIT) Table 2= A3 A9 +f
& vkt

2 A4 JYoA AHEE 37 AAE: 0SG CPM-
EDS16, 37 16mm, BAE: (F) =0k, 2¢ 23d=
Y(ZSE 216), A7 16mme} CHE: detz4, 29 274 4
TY(HHE 2200), A& 20mme] 3&Folqth & Algo|
AHE A ARE 7ATERE B SMASCE A3
Aow, AlHe] HAE Z2 45mm, £0]= 45mm, A|H)
Zol& 140mm=E A2 A HY A&2 A A, B, C

Table 2 Specifications of experimental apparatus

Machining A: Daewoo ACE-V35
center B, C: Tongil TNV-40
model: Kistler 9257B

Tool .
resohution: 0.0IN
dynamormeter sensitivity: 7.5pC/N
model: Kistler 5019A
amC};;ﬁZr frequency range: 0~ 200kHz

sensitivity: 9.99pC/M.U.

Table 3 Cutting conditions for tests

Experiment case A B C
End mill dia(mm) P16 P16 #20
Radial DOC., Ry(mm) | 2~6 2,4,6, 8 10
Axial DOC, Amm) |10, 13, 16 12, 20

Feed rate(mm/min) | 80~120 | 85, 120 | 67, 85
spindle speed(RPM.) | 400, 600 | 600, 900 | 480, 600
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Table 4 Specific cutting force coefficients(case A)

Table 6 Specific cutting force coefficients(case C)

‘pmfeedAd23}2d5 6 1'pmf"edAdz412018 10
10 | 540 | 481 | 433 ] .405] 397 12 1453|606 | 546 | 477 546
80 | 13 | 484 438 | 400 379] 377 8 50 T a6 | 556 | 461 | 318 | 349
400 16 | 401 | .404 | 383 | 368 | 360 480 g5 | 12| 69| 616 608 | 602 | 608
10 | .545 | 409 | 373 | 364| 337 0 20 | .605 | 570 .572 | 586 | .658
120 [ 13 ] 407 375 | 358].337| 339 Ky <10 1 | 6681639 6161 611 | 688
Ky x10" 16 | 375|333 | 325 | 316| 311 67 50 T 560 | 603 | 598 | 612 | 622
10 | 582 | 495 | 465 | 448 429 600 12 | 440 | 549 586 | 637 | 661
80 | 13 |.545| 453 | 414 395] 382 8 o0 o0 7101 7261 79 811
600 16 |.505 442 | 401 .393| 380 12| 4631 351 360 .563 | .408
10 | 461 | 425] 396 .389] 378 67
120 | 13 | 425 395 | 376 | 365 356 480 20 |.217] 421 ] 630 422 | 414
16 | 417| 372] 350 | 342 335 g5 (12| 2061 470| 470 | 479 | 483
10 | 439] 391 | 359 | 331] 333 Ky 20 |.584|.520| 492 465 ] 471
80 | 13 | 424|385 | 363 | 336] 316 67 12| 399|447 460, 475 | 605
0 16 241 T a27] 393 | 361 344 60 20 | 532].555] 543 | 541 | 544
10 (3221 3511 327 | 308 | 269 g5 | 12| 474 438 474 540 | 562
120 | 13 | 405 | 347 318].291| 274 20 |.276 | 606 | .562 | .555 | .556
Ke 16 | 436 | 366 | 327|.300] 278
10 | 460 414 391].380| 374
80 | 13 | 475 | 427 | 398 | .377| 364 Table 7 Analysis of variance for K (case A)
600 16 | 505 | 463 | 448 | 426 .404
10 | 4311 404 | 3831 373] 357 (a) 400rpm
ol sl o T Toor | w o 707
Feed 131e2 | 2 | 6573 173 | 2.67
Ad 8.98-3 | 2 |449-3| 11.8 | 2.67
Rd 6782 | 4 |1.692]| 447 | 233
Table 5 Specific cutting force coefficients(case B) Feed - Ad | 1.13e-2 4 2.83¢-3 | 7.48 233
Ra Feed - Rd | 1.23e3 | 8 | 1.54e4| 041 | 2.09
rpm | feed | Ad ————— 1T Ad-Rd | 56663 | 8 | 70704 1.86 | 2.09
g5 |12 |369].325[ 330350 342 Error | 6.07¢3 | 16 |3.79¢-4
600 20 | 405 | 383 356|351 347 Total | 1.14e-1 | 44
100 L12[360] 350 343 | 338] 344
Ky x10" 20 | 394 | 357 346 | 341 306
g5 | 12| 439].376 ] 399 | 323] 417 (b) 600rpm
20 | .513] .439| 425|423 ] 430
00 12 | 404 | 408 | 401 | 348] 346 Source S$ | DOF| MS | Fo | FOI)
120 20 | 4621 308 | 3121 .327] 360 Feed 3.07e-2 2 1.53e-2 | 184 2.67
g5 |12 ].374] 2491 3751 4761 .539 Ad 2202 | 2 | L10e2 | 132 | 267
600 20 |.508 | 359 | .344 | 356 .381 Rd 6482 | 4 | 1.62¢2 | 194 | 233
120 | 121234 439 | 489 515 548 Feed- Ad | 1273 | 4 [3.1%4 ] 38 | 233
K :;'g ‘z‘iz gzg igg :z?j :222 Feed - Rd | 5103 | 8 | 637c4 | 765 | 209
8 o Tar o Bl Ad-Rd | 434ed | 8 | 5425 | 065 | 209
200 12 | 3271533 ] 606 | 541 594 Error 133e3 | 16 | 8335
120 0 1632 282 | 357 | 403 271 Total | 12601 | 44
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Table 8 Analysis of variance for K (case A) Table 11 Analysis of variance for K r(case C)

(a) 400rpm Source SS |DOF| MS Fo F(0.1)

Souce S DOF S To o0 Feed 126e-1 | 3 |42e2| 162 261

Teed 17%.2 89303 | 20.1 267 Ad 1.77e-3 | 1 1.77¢-3 | 0.68 3.18

Ad 37363 18603 | 6.08 267 Rd 949%-3 | 4 2373 | 092 248

Feed - Ad | 10203 25604 | 084 233 Feed -Rd | 7.05¢-2 | 12 | 588e-3 | 2.27 2.15

Feed - Rd | 10563 13204 | 043 209 Ad-Rd |3.10e3 | 4 | 7.76e4| 030 248

2
2
Rd 78062 4 19502 | 636 233 Feed - Ad | 7.21e-2 3 240e-2 | 9.26 2.61
4
8
8

Ad-Rd | 15063 1874 | 061 | 209 Bwor | 3le3 12 | 2.5%3

Error | 4903 | 16 | 3.06e4 Total | 3.14e-1| 39

Total 1.08¢-1 | 44

Table 12 Analysis of variance for K (case C)

(b) 600rpm Sowce | SS |DOF| MS | Fo | FO.)

Sowce | SS | DOF | MS | Fo | FQ.) Feed | 4682 | 3 | 1.56e2| 229 | 261
Feed | 668¢3| 2 |3343| 512 | 267 Ad  [570e3| 1 |570e-3| 084 | 3.8
Ad | 39e3| 2 |1983| 304 | 267 : Rd | 3172 | 4 |7933| 116 | 248
R | 486e2| 4 |1262| 186 | 233 Feed - Ad | 73163 | 3 | 244e3 | 036 | 261
Feed - Ad | 496¢3 | 4 | 12463 | 190 | 233 Feed -Rd | 68702 | 12 | 5.72¢3 | 084 | 215
Feod - Rd | 290c4 | 8 | 3625 | 055 | 209 Ad-Rd | 48862 | 4 |12262| 179 | 248
Ad-Rd | 7424 | 8 |927e5| 142 | 209 Error | 8.18¢2 | 12 | 6.82¢-3

Emor | 1.0de3 | 16 | 65265 Total | 291e-1| 39

Total | 66302 | 44

cans A, 400mm ——ACIOPNT) —m—-AJIOR0.IZ —a—AdID FO.16
—w—AdIARI0 -0 - ATISROAZ - W - AISFO.IE
08 ~A-ANBRO10 =0 =ATIBR0IZ —e —ANEFLIS I

Table 9 Analysis of variance for K r(case B)

Source SS |DOF| MS Fo | F0.D)
Feed | 42le2 | 3 | 140e2 | 171 261 :
Ad | 724 | 1 |72 4| 08 | 318 o -

Rd 1.89¢-2 | 4 | 4723 | 576 248

Feed - Ad | 4973 | 3 1.66e-3 | 2.02 2.61

Feed - Rd | 476e-3 | 12 | 397e4 | 048 2.15 0z

Ad-Rd | 4683 | 4 1.17e-3 143 2.48 e dopthof it

Error 9.83e-3 12 | 8.19¢-4

Total 8592 | 39

cass A, 600pm FG.10
| —9— A1 FI0.0B7 - 0> - AGTS FID.0KS - 48 - AS13 FIB.10
(X & ~Ad18F10.10

Table 10 Analysis of variance for K ,(case B)

Source SS |DOF| MS Fo F(0.1) :\

Feed 1892 | 3 | 6203 | 159 2.61

Ad 293e-2 1 293e2 | 739 3.18

Rd 4252 | 4 | 1.06e-2 | 2.68 248

Feed - Ad | 2.16e-2 3 7.12e-3 1.82 2.61 o

Feed - Rd | 5.80e-2 | 12 | 4.83e-3 1.22 2.15 u

Ad-Rd | 1901 | 4 |476e2| 120 248 ' : T ) ’
Error 4762 | 12 | 3.96e-3
Total 408-1| 39 | Fig. 3 Specific cutting force coeff. Ki(case A, 600rpm)
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Fig. 7 Specific cutting force coeff. Kp(case A, 600rpm)
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Fig. 11 Average cutting forces(case A, y-axis force)
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Fig. 12 Average cutting forces(case A, x-axis force)
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Fig. 13 Average cutting forces(case A, y-axis force)
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Fig. 15 Average cutting forces(case B, y-axis force)
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Fig. 16 Average cutting forces(case C, x-axis force)
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