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Rigid-Plastic Finite Element Analysis of Burr Formation at the Exit
Stage in Orthogonal Cutting

Dae-Cheol Ko*, Byung-Min Kim**, Sung-Lim Ko***

ABSTRACT

The objective of this study is to propose a new approach for modelling of burr formation process during
orthogonal cutting when the tool exits the workpiece. This approach is based on the rigid-plastic finite ele-
ment method combined with the ductile fracture criterion and the element kill method. This approach is
applied to orthogonal cutting process to predict the fracture location and the fracture angle as well as the
cutting force. To validate this approach, orthogonal cutting tests inside SEM(scanning electron microscope)
at very low speed are carried out using Al6061-T6 to observe the behavior of the material during the chip
and the burr formation. The results of the experiment are compared with those of the finite element simu-
lation.

Key Words : Burr Formation(*] 34), Rigid-Plastic Finite Element Method (%44 #3824%), Ductile
Fracture Criterion(843271%), Element Kill Method(22:41A47])

1.4 B ¥ FAd BAZ 294 S0 oyl H2d e A AN
339 BEEYE 4ol F8F FH9 i} Hof
AA7EEA T H(burr)e 73EHeRE 7} A B 3% 771 AFHL e Ao W 2A

Ho &2

O,

T ¥ AFAEE AATIH, FiA e YA zE 7R 9 EAIE d237] 84 o4 A e] o] AH8sn
A2 AF AF 549 AE oA AUFHY em, olF A EFAT A o TA/7 A o]
AE37} ol FolA WA thFEe] F87 34 A YA A B3] ¥ 2L AAAY PR e o,
ool st Aed R FHA A B xFo] o] F EAE 24T v BEAA AAEeEA J1AF, 3
ARA &3} 22§ Jles A E BAsl H 4 28a ANAD i JFE T A
A}, oo whale} 7Hg ¥ Ak vz AT EAe v A A 259 g Foll ha A77L WY Folrt

* FuABYE =2 ad)
Rtz 3U39 ¥ 2923 47948
e AZUE 7 AA RS

125



¥ - 199 - 249

B BA7) o] AF ATE A8t Pekelharing V&
Ag4Q @ g o FA/I7E A9,
Iwata @& SEMT o] 839 ¥ ¥4& A3 #3238
F e FAE AFee o] #AAT. Ko *Ye &
ol APA BEE o4 HNAQY Yoz o
Y717 710382, °ol& F3d w9 27 ¥ B
2ol P& 23R, EF Usui § ©o] A3
AALFA FELLYE 08T o]FE FPLAUS
48 477 Bol £¥H0 $oe) grE 344
et gAY A4sEgelA d43 oy AYd
39 34& 2dYse FAA ASHo Ut waA
¥ PN AF FTLA YL A9 AAH YA
gon A Obikawa 5 ©2 ¥ YA W YA 2
do Ang nA® AFE FYsgdd. 2y
Obikawa® S¢te] WM& adsly] g 71F0] 253
o, 49 sido] B Fole o o9 ArHE #4
& FYA ggenz dAHoz yehde ¥ 34&
z2d3y3rde v1EF Aol Bz 474,

g2t £ dFode 239 AA/FEOA FrolgAl
WA ¥ dA4717Y 2d3YE AR HEges
N=daA g, ol 93l dARArIE 2 82AA
8% AFY A2 FEec Z2aRe AR
¥ ¥4 3o dojrke e 32 sl ddvdr]
& olgsigen, Arlzez A dete] ANAY
& 2837 fato] 2AAANEE =Y. Agd
x2aPgoz o3¢ AR fd8d AEHo M
P51 ¥ P4 2 B, HddH FFHE YR
HYE X 55 43390 ANE 347149 geA
€ AE) g3 d3E £XHA9 AnE 438
o} v) w3 Bk,

2.0l &

2.1 42y gLy

B2 F984Ye dAAVYY AN A%
48 dAugolng B AFdME 224 f88s
HE o] 83l 23 AT A4S FPHT. o
o} F43 FAHL ojn] B T 0104 2 g2A o
o2, of7lMe s dastaa dd. 224 AlE
o g W4 (functional), T+ o3 2t}

I = [gedv - IspfividS (M

126

A714, g€ FESH, § & FEAVYE &0l v
434 24 333 93t W H P4 (penalty func-
tion), K& =434, 919 4(1)o] g A3 HE Jg
e 45T o] EEY F ot

8 = Va&'dv +K Jvé,,&é,,dV ~ ISFfiﬁvidS =0(2)

714, &, & AHEYE S0t

f9 4(2) YA f3ad EEgP S AR
9 ARSI} u|A 5 vy Aol oz 74
E-¥ &Y (Newton ~ Raphson method) S o] &3l
& 39, 27 242 FFH wEE (direct iter-
ation meth-od) & ©| -3l Fgc},

2.2 ANTCDIEN QAHAHIIY

A TG 22 4% 715 A MG AN H 45
t 333 fAR A S AR ANEUG. 94
NZe ¢} AP E A2 A4 YRE G4
Ha1E4 e 283 WY e AEYH S Yehdt. &
@ olgigo] ALE glol Aol Fo| =ERE o, ¥4
sigo] AlZsE Aeg n @}, McClintock P 5
o] dojute HH S 71FH8Y L 47 2AE Fu
A7) £ AA}H 29, Oyane 5 P2 03d
Agd A dRSs1ES AT} Cockeroftd
Latham 92 59 28¥8Y & A2 g3 Iy F
U343 %S nF AFINES ANz,
olg}3 AYNY7F S Oh § o 23 +3HA.
Osakada®t Mori "¢ HIERAY 2HE o] g3l @
Aot &g 48 Y E A

oz dANdriEL Az WY VAL £A9
ATE A8k A2 ML FT8AEH Afs B}
A3 449 F U 2 A7 E Oh 5 o] A
AN AYADIES o] 8315 &,

[(Zfe-c

A7IN, & B9 FAVYE, & FEMYESE
FA% &89 AA o), Ce AsgFoln. 94714 3
A71E 3BT FA%F S99 JuASL FEEH v
7t 933A fAEdz 7FgEE, 4 4(3)2 Be3t 2
o] £32 ¥ Uth.

©)]



VAL FAA A5 Aa5 (19984 44)

Jy @& ~c | @

EF F384 4L A8 A9 4@ FE Ade
2 o5 o] 2 4 3.

Y8E,), =C )

i=1

oq71A, nE 28] ¢, Af & 4 840 FEANYE 5
Zolth, & d79 AlEH oM 4(5)9 9 3
Z, FENYEo] AN Yoz 7§ Hu FENYE
Eg8hd sido] dojdrin 7MY sttt

AAVLROR Q% sdo] APNE A os FZ
8171 fl8lo] o B4 g0 HFEHYEY Flo] e
T 23 o] 840 datd 8AAAIYE 43}
At &, AAHE 849 B4 @l 2EASF(reduc-
tion factor)& H8 24 #E vl FAFc 2N
& 840 A9 9L vAA] I gt ol
34712 siete] doju WE9 2 gA oA AA
ol ot 245 g oany Y AAste A
o] opjuz WYL dd& A Fod dest ¢l
o w2t A Aol 27HA ¥on, £F B
o2 vde AE 98 84 FYE Pote A4S
ulA e ARG SR ER o] wE HYALE A
BHog FIeA B9, g £ A7 iuhie
AA s AoE f4F oz 47 938 A A7
3 a23te] Fel& neslA] ¥x sde ANE 12
ozZH M 285+ A EY 5 Aot B A4
# A4bie J889 Ar|ES 29ee 84ES
FAFCZN Harlge A4 AN wde] Ay
£ BAld 238 F glon kol X 1 o]igel Ha}
84¢ B3A Fe Obikawa 5 @] & whino 4
A 4 A g 4 At

2.3 ¥ Y49 gsiaa AlZ ol gy

2 @rddMe 224 RE8ayS o faio AR
B 471 A4-E s FFARFANA J ¥
B 7H389] A€ 913 Ueda 5 "90] AN F 7]
34 208 ol 43kl on, ol Fig. 13 2tk A4t
o] AP w2t FFARRZRE AP A AN
FAHES A3 (Fig. 19 D J o2 Yyse 247 7}
TAoE AL T A& 2749 AH(Fig. 1

9 J, K)oz ¥edd.

SA dFE AT, SEAANY, 23 ey
£ ol 43l 234 AATFEIA AT JF W ¥
9 FE8& AEH AL FYN7] AT SE=E Fig. 2
o 2t} 38 A5 A e AR5 2L F

‘/j‘/T;Ol ) Tool
—“-—0—"' o —o— =T

o s K~
(a) (b)
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Fig. 2 Finite element simulation procedure of chip and burr
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Fig.3 Finite element modeling for simulation of orthogonal
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Fig. 4 Finite element simulation of cutting process with chip and burr formation at cutting distant of (a)0.3482; (b)0.6535; (¢)1.0060;
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Fig. 6 Fracture during burr formation in machining A16061-T6.
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Fig. 8 Varation of cutting force during cutting process.
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Table 1 Comparison between experimental result and simu-
latiom result.

4674

6034
639
6632

BY 05291

00 U1 094 086

155.5N9] A Ao dg@ct. F771 44 ERL
2 A2 web Hzxeo 3ol 4rle < 1.006mm
AAE B34S Aao] o] FoA Y, o] o] FRE[E= A
Aol Zaste AL B + 4o o= Hdd Anz
sl WHP o) Pasly) WRolzkm Yrgh, HAAA
o] ARAY e T GaA EHoR HI2F w
¥ o] AFHAA AAAFe] FAF. Fig. 814
2794 0.73mmZA NN A2 1334 Fa8%
o] MRS ¢ & Utk A& ¥ YA AFE &
4 9en, 14 A Fo FFHUA7t 0.97mmel ol 2]
< o 23 #AAAS DAY F Uk ojAL Had
o o2 ARHY o|AL Fig. 4(c)oA olv] Hdd
o] wAse] gl AHN FFAXs 1.0060mmAS
28 ¢ A5F%e F002a A4, Fig. 4
9 fge2dy AN HEAZH L x=0.5291
mmo| L 2AAe] FFAYPgo 2 NE 0.225mmE]
A gleng Fig. 6914 sezd sk Br € tan’

0.0025
(GSrer) = 2304° 2 AN, o] 23 & dgozry

o] @3} vlwd}y] 3t Table 1€ AUt A4
AP AN A4 BR2AT FIAT 22
224 Al6061-T6eNA FT73AHo] 10°0]et. A4,
bt 2344 71FA HEEYE FHE FA3] Ao
3mmE AHEAET. fELAHHdAE B A4S
%, ImmE AHSIEG. Aol 38E 330l o3
A AAA Y] F718 AHgdl] ds] A4Ed sl
YUY AAAYL FAF AN 02 7M.
Table 1M AlE#o]Xo] ¥4 HAZ N o] TR




A - A8 - 249

7] q2o] 23% A, F.8 v 24Zd U A2t
¥, F,/boz B43%(0. 2t AUl Fig. 69 1eha
He23 HR9IA, (), 8 SHHAT. LAY @
7 AshzA He2e 2le Aakleld] Faan nu
AR AAele 2rld) HA ) BB AR\
M 239 S FAARA 155.6N AP B
Szojois) NS BAL sojol B}, 2 AT}
(5) que A Table 10] UERISITH 2 23] Slo1A
23a%s NgHM ABE vimsd nozte 23
e 22~28°2H NEHCIMANS 23.04¢) A3}E
THHT 9ee ¢ & A Beng Ax 4929
PESYDERTER 3 EE R EL IR DT LR
Aole] vhaEel dig 2doly Q4senge o
502 2y Adea 2 ¢ du. 22 WA 2
Bo2E i¢ 2AY AEE Hu LS T 4 U ¥
F ool g BAL Bad & © HUT Ao S5
SEREY

5.8

¥ dpoME 23 AATEROA FTolgA Bt
€l W7o 23S AT Az AHEE AN
gARon, ANE HHPHE o] &3 By FR8E A
Beoldozye o3 2L &8¢ A%

(1) 244 A4 A 43 v YAAF S /rdRa
AE o] 43t AN3A. W] P ol RAVIEY
712 A% sido] B, AQYREIIEE 0] 83}
3 fFENYEe A7t QRAYPAE A AYE
=g3d sido] B4R A

(2) Hgaady F T3 gde] 4L 844
AN ol 43t Azjaidtt. fAAA7EL Hd B
Ygo =2 249 AL A o2A 4
Hozy & 2289 A% flo] Rl 234E A
A g

(3) NEHolde] Ao diF AP AFE Slskd
F9F AR Al6061-T6l diste] 23 A4EHS
FYio ¥ P4 R @Y A A FH o=
Hlmstch W ¥ W P 29X 271 54
Adztez sotgATt Bdo| oA Hwr} oG,
¥ 34 Fo dAse FEEe gdAA] A%
Bdzog A€ ANARAA stz 22~28°
o|31 Al B o] Ao 23.04%9, A& %F 14%

132

o A3 QA ehAgleh. ol2¥el Hmd Agd o4
o A37t A9 A% B YARE ¢ 5 Ak

FugH

—

. A.J. Peklharing, "The Exit Falijure in Inter-
rupted Cutting’, Annals of the CIRP, Vol.
27, pp. 5-10, 1978.

2. K. Iwata, K. Ueda and K. Okuda, “Study of
Mechanism of Burr Formation in Cutting
Based on Direct SEM Observation”, JSPE,
Vol. 148-4, pp. 510-515, 1982.

3. S. L. Ko and D. A. Dornfeld, “A Study on
Burr Formation Mechanism , Transactions
of the ASME, J. of Engineering Materials
and Technology, Vol. 113, pp. 75-87, 1991.

4. S. L. Ko and D. A. Dornfeld, “Analysis of
Fracture in Burr Formation at the Exit
Stage of Metal Cutting”, J. of Materials
Processing Technology, Vol. 58, pp. 189-
200, 1996.

5. E. Usui and T. Shirakashi, “Mechanics of
Machining-From Descriptive to Predictive
Theory-On the Art of Cutting Metals-75
Years Later’, ASME Publication PED, Vol.
7. pp. 13-35, 1982.

6. K. Iwata, K. Osakada and Y. Terasaka,
“Process Modeling of Orthogonal Cutting by
the Rigid-Platic Finite Element Method™, J.
Engineering Materials and Technology, Vol.
106, pp. 132-138, 1984,

7. J. S. Strenkowski and J. T.Carroll, "A
Finite Element Model of Orthogonal Metal
Cutting’, J. Engineering Materials and
Technology, Vol. 107, pp. 349-354, 1985.

8. T. Obikawa, T. Matumura and E. Usi,
“Chip Formation and Exit Failure of Cutting
Edge(1st Report)-FEM Analysis of Chip
Formation at Exit”, JSPE, pp. 102-108,
1990.

9. 0. C. Zienkiewicz, “The Finite Element

Method”, 3rd Edition, McGraw-Hill, 1977.



LAY ZEHA 153 A4E (1998Q 49)

10.

11

12.

13.

S. Kobayashi, S. I. Oh and T. Altan, "Metal
Forming and Finite Element Method™,
Oxford University Press, 1989.

F. A. McClintock, “A Criterion for Ductile
Fracture by the Growth of Hole', J. Appl.
Mech., Vol. 35, pp. 363-371, 1968.

M. Oyane, T. Sato, K. Okimoto and S.
Shima, “Criteria of Ductile Fracture and
Their Application”, J. Mech. Work. Tech.,
Vol. 4, pp. 65-81, 1980.

M. G. Cockeroft and D. J. Latham, “Ductili-
ty and the Workability of Metals™, J. Inst.

133

14.

15.

16.

Metals, Vol. 96, pp. 33-39, 1968.

S. I. Oh, C. C. Chen and S. Kobayashi,
“Ductility Fracture in Axisymmetric Extru-
sion and Drawing-Part 2°, J. Eng. Ind., Vol.
101, No. 1, pp. 36-44, 1979.

K. Osakada and K. Mori, “Prediction of
Ductile Fracture in Cold Forging, Annals of
CIRP, Vol. 27, No. 1, pp. 135-139, 1978.

K. Ueda and K. Manabe, ‘Rigid-Plastic
FEM of Three-Dimensional Deformation
Field in Chip Formation Process , Annals of
CIRP, Vol. 42, pp. 35-38, 1993.



