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Investigation of the Final-Stage Forward Extrusion of Regular Polygonal-
Shaped Bars From Circular Billets Using Square Die

Dong Kwon Kim, Jong Rae Cho and Won Byong Bae

Abstract

A simple kinematically admissible velocity field is proposed to determine the
final-stage extrusion load and the average extruded length in the square-die
forward extrusion of regular polygonal-shaped bars from circular billets. From
the proposed velocity field, the upper-bound extrusion load and the average
extruded length are determined by minimizing the total power consumption with
respect to four parameters. Experiments have been carried out with hard solder
billets at room temperature. The theoretical predictions of the extrusion load are
in good agreements with the experimental results and there is generally reason-
able agreement in average extruded length between theory and experiment.

Key Words :

UBET (44l g.44)

LA 2

FEHL ol8d AUYEe AFA o
FRINE, ARLE, A4, NAZTE,
HEE Sol ol2rx 2 27 WS 2
MG HEA 24 34 F9 shpolo)
o BEY 42 FW AFe] folon A
F A2AEst E9e] $4oln =g @ el

WT3 R (F) SEATLE
>R ) A A A ST

Square Die Extrusion (3 &3 9l&
sible Velocity Field(&E #7184 %

Final Stage (2 %=x}4]), Kinematically Amis-

)
), Regular Polygonal Shape(chzbd & AH),

Aoz Bitsta chepg 4L A o
T F dv 59 oA AHE sAla
S b, AT v vlad Ee
Rk 7}21‘31 F2 AzAdelA
o]
H

we #FY ANUE EA B o
7} dEdc, Kudo®: ©lgwgolod
(unit deformation region)s] 3L =93
4 UBET= 3s14< 3lgch, Hallings}
Mitchell®2. ojz] 2ol wW3ld we=
°d %(dead metal zone)e] A3z} =

BR2MIISUHI A4 A1 E, 1995359

N)

LIRSS



! ﬂﬂxﬁ%%mﬂmﬂ mm%nxn%ﬂaf,i.,mamw% e,
T F wTTo,Wm O RTFT AR of Fmo N
E AT T W wRXp S o <
o g — %ok gt — XK T H T8 T
=] wp X r© o R R — B oa, ©
& OGN S 2 — N 5 D 30 §
m UWmmoMé HMJ&AT ‘%Mﬂﬁmlﬁﬂi mc#ow oF
£ 2 r R Ly KT T 4T T =
; - T =] 8 T ,1ﬂo_a_ﬁﬂ TR R oo e I 8§ c3
W @ ‘)Hﬁo‘l_rﬂl_w,maﬂ (T, oF o NI
g = oﬁulor n o © dﬂ.o_ﬂﬂ ny J
& i e o K o o H_T U.w E#E pry O#E n 1 \m,ﬂ ZT_ K sy N
- S W NI = 4\J‘H‘q = B u.ﬁ )
o Ilrll T Ea 1_| wA_ 3110 mxll\% .
~ o e £ Jmo%ﬂrlﬂofﬁ T oo e T e 0 K -+
— s 2 do © NG = gy X0 gt
ELE) 8 LU edx T T s 0 5T T B
—_ = OWH __OT_ Ov MD 1 Of .b—l ;OT ,.m MU ‘w‘o _: _ ._.._AWO .ﬁ_.* ]r% fa— E‘* 1Mu.r
=~ w a z Mﬂﬂ.ﬁ'ﬂwwvll&.w E.— ]nz#odl‘lﬂoo‘lzrwﬂo Et A.._ .&.u,.—ﬁl
¥ o e X LR WD .%,ﬂuﬁﬂ N & —
| > wo M XT BT AT oy b R NPT N 0 2 X
< p e T T AT Ry 0
OL ﬂﬁﬂ UT ~— ﬂvﬂ e ,Murb 1 ‘WE # \l/y o O*E — .mmo ~y
O I . T i e P W B = Mol AR B
: 2 FTT T oMTT T TTHEA=aNFT oy
T
Ko
R T W T T HTINP TN RN TRERT ZN B PR BT M R 3
© ) rvilio~allian = e s =y s
TONHET o ® L B daman/uo]\_‘mlx_.ma;umwm‘_o wmm“m_],moerwﬂ u&a_l_x Jﬂ_m_muev
BT w2 ﬁ %%%&Wﬂ%z R BRE LTSN 5o I o ™ o A
B — £y Ro 5 3 o ™ 3 — B T
Ot Eﬁa o O ﬂ < WW Mv_.o 1.Aro ol J| . \...AI —_ ,I.Ar l e ) M Ewn K N..o 5 ME JD M .b.f O?._ ]‘..#! ‘MH E E_E w‘#
mgﬂoﬁalruﬂ;m,wu_/nom, .%dmﬂ%oﬁl_w;u mwmﬂme "X ﬁo‘ﬁﬂn?w_lmoﬂo ok n_mmmlu%
o e =2 -®e S o B s 0 e WO X ol R oy o © = <
ErTU T s e Rk i iR s Trs AT (T aT e g Yy
! B B 0 el - ! s
4%uar.og S O%E%%MHfﬂ%ﬂﬂ%@ﬂﬂ%%ﬁ%ﬁ%% R Bl
s ol . o s QT T T3 4 b=t —nl = N f T o Y — T
s P et e a8l v TRy R TEET el Twn p Xy W ¥R
S Fm emimd wFT I ITITEHE e p i W IRE o
o ro—_ f = . = ead ; f
,aﬂaoto“aoﬁnﬂ_ornﬁﬁroiloﬂLWﬁﬂEoﬁq%uﬂ_ﬂ_wﬁuouﬂowM._oﬂrom_w31quMvﬂu%o ~ Mm_vlunw
P i iy < ~ e ~— — !
ﬂﬂwﬁ.;nwﬁaMAuamm%ﬂloxo&.ﬂmeﬁTlﬂl OMXLPOM _oﬂ%dﬂooﬂaﬁf i loﬂ‘i
..wM e Eo ® ..m .A.u_-_n Ui Z.._ M Mmo S = W = B OT n_Muo ki MW.IL O_E _JU N R WH o) ‘U.l o ‘:A| ﬂ-..MH ﬂmw_ o o_a Eo e E.—
f f 0 ~ 9 Y 1~ e — > ) )
%ﬁﬂomw_ﬁmﬁz\hmﬁ%a_ao»TloT_zTﬂyvoﬂﬂﬂ,_Zﬁoﬁoﬂo Mﬂgo%&;viiadoq_mu o uﬁ%i
O T B S T AP . P LR T g %o o ®°
lan M«b oF 1 3 1_h_u e ﬂ._/\ O#E j_ O_L 3 1 ~ 3 o' OT £ Eo 0 A o o e )
— = i _ Y = —o 5 K — R o K i o o ®
W B A EHmE OBV I RTE L, MT % M ROE @ oF K ) T & B
FH T R: PATTRETRIRN W TR T R DT P T WM o op

0

Uz

Z=0,

1995

=,

&8 x| /A 44 AL

ura iy |
=]

/Eh=EadT)

60



BEEE o8 Ay aAold Ayl 2 EA AugtEe] Bal o7

Z2=T, Us=-U, (2)

debd, Fug Srd¥ U 98
ol Ay gt

Ur=~Yez 3)

(@)= Asin(NG) (7

o, AFE 84 [oA HAulsE £t o
ke by A3 Wl

HE7duldko] £ 5 AA 2 A

o (o]
R:Ra, U =0 (8)
ot g4 27
0Ur , Up , 1 0Us | 3U;
R TRTR a6 "oz 0 O
= A7 db g SR U2
_ Us 2 p2y_ _ 2 dw)

(10)

22 41

V(@)= Fig. 204 R.E= ule} o] g~
[ 1 Abele) AuigARas] & oA
o) +445% vepich,

Ve (1)

()

@ “1'

Fig. 2 Shear boundary between element [ and ele-
ment [

Vol @)=( UgcosB— UssinB)r-r, (11)

2 JolAe $xAAzAL e 2

o},
Rsz’, URI/ZVbCOSB (12)
R=Ri, Usyy=— VbSinB (13)
RZO, UR[I:O (14)
=0, —X‘/, Usi=0 (15)
A AAZAL HEee WY 44
E Un AAYE SE4E U3 Sea
ol AR,
_~{R:—R) R dw,
Ur=C"R R do
+ Vbcos(,é’)g_— (16)
Ue=p' BB Faio)
— Vbsin([)’)% 17
A71A, wA) e HAWe £z Az
AL AFAINY 4G $42A Gea R
o},
w2(9)= Bsin(Ng) (18)

v Bk D 24 Told HAwe &
=9 HAGS A, Ce uusg &
=9 2715 AAsed "o s A
ol et

A8 175 A9l

2 &) SEAzY

Wsted 233}

HRLYIIB X A 4W A 15, 1995961



FERNES SRR
Z=T, Ur=—Us, (19 Pue e (25)
T A 390G 24 Ut .
L= (26)
Ur=(ér+ éNT—=2Z)=Us, (20) Uo
o} o] ado}xlch o714, A& HAx HH, Uoe A3
4ol
Fig. 1o uebte st&d AFe st
3. dAHA 270 He o Hoz Adsgn
Ao &l Sohu, A AaAA W Hy*"=Hy'+ U2 4t @)
o B3 ZE FHINESEA FolA A 714, HYVa HY'& j+ 1A A o
A A LS oURNEL thdol F s Al AtEAelelx, UY
oA J*3tg Hastste Aotk £ A Ao Ak EEs Y &
J*=IWi+ W+ EW, (@) Ol
3714, J*e AA FHol Fag vz
o] A 4. &¥
RrHge AL g Wee e 2
o}, 4.1 EMAE
S -RYELE BANE A7 Aol
W= ﬁc?f'dV (22)  oy71qr=9 A& 7)ol Greeble 5000004 <t
. 29 Yoo e 2L LH-WUYE

—‘:L< eh+ &3+ &% >%
ETT A\t chot et e

a2lm, Anteluix £v¥E Wee o3
Zt,

Ws:ﬁ“"v'sds (23)
0:17]’('1’ k= 7‘1‘%_]_’]- %Ejo]_‘l—]_’ |AV|s
= ?ﬂtﬂ-ﬁﬁludoﬂ/l{g _/_'1::.5 o "‘Ol:o]r,}.

=
Wee oheat 2

=3,

22

mpAbol L 2] 48] &

Wf=£/mk | AV | ,dS (24)

me uharAlb4(friction factor)o]
a7 A e e SEEA

o374,
m, 14Vise
ool zh,

BEAANGATN GEAFL b Hoz
e A ek,

62/ B oM BEREK A4 Al 1S, 19953

g

0=73.063(&)**** MPa (28)

a2z, wPEge] SE shed] 4
stof ¥ FEge F obxl spEzAel
e HkEAge syt & A7

AdolAE §89 APl AT MS,
2uks ozl i(grease)el] 404l ARG
ond, FH2AE dAIA KA
M.S:8] ok EFE AAle] Fakol| o
10%7F 1A sdch Fal A wpAaks] %%
< F84elE 0.1, FEEA]ele 0.28¢]

rle

+

12 AYFA W wy
4y 2AZYE DAy G4E 4 v
AEe #EW AYYE AYE Ashol
cho] AlE(die se® A A==
chole] zelael =w3h AREY FEEFe



BEHL ol 48 4F 2AoA chrhyute] HF oAl Aol Y A7

12
®
4

1

@

RA
(%6)

Fig. 4 The extruded regular polygonal-shaped bars for various number of axes of symmetry

45 70 45

X.okg Fig. 3o vfepuliglcl,

S (47, 674 9 87 W4T A
o ol gl w4 ge) e 3}
4517l el shehol S 47, 67 W 87
7ol whHztAE 45%2F 70%0 wHE 7z
7 % AR AR o] & mAH Ay
49T + U= Ao,

dEAP L A" o] AEE dxy
SHIMATZU UH-100A Universal Testing
Machineol 44 4g3lch, 2 A=
GPIB Interface o]&3}od PCollA Ay
o FAF FFe] AFo AHAR 3
o 44 424YE FHsisich

Fig. 4+ wm7t4 0] 45%, 70%< 7
$oll A b2 (47, 67 o 8749 £
of BE 43 o) AE WYL HefRm
Ak

70 45 70

5 @t 3¢ 1@

o] Aol o AL Ay A
T flenzg ALY L ol &3t Aalst
ot WY F 4 Ao AA oux
4-¥| g (total power consumption rate)g 4
hel el HH&E(A, B, Cs} D)ol chsted
a3z ek, H4s) oz Aty
(direct search method)] < 9l FPSHy
(flexible polyhedron search method)*® &
o] &3} o

LYol b2y wlAEe WY Auet
ZAl &27]e) 35o] FIE F WA A
ol wel ehAwzl Agieie) iz gl
dhFo] A5 sy} Folgta o] o
80% ool 3}e]x A §Hpiping defect)o

HRLYIIBHEX| M4 W A 1E, 1995763



HELAB —6—}_7] /(] Z.]"é'}—l —a}’%ol

oA A uhAEe) ¢

(H.R=80%6)

=
=

A

45%, 70% 5 7FA 735l o

@8 0

R.A=45%
(H.R=92%)

R.A=70%
(H.R=80%¢) (H.R=92%)

Aed - 2FH - A
Zrhghch, 9E o] 80%9k 92%% Wi AH¥s AFY
e tsgo]  FHlE Fig 5ell4 HedF:z gloh A w}
o] Eolzt 2 ofdll FEolH Folztago] 80% A=

Fig. 5 The photographe of piping defect in the 3-dimensional square die extrusion for the
height reduction of 80% and 92%

200
- -
-0.1 —o— N=4 I | ——Bxp.
% |- ™ e Nw8 s L
F —o— N=8 m=0.1 q
180 +— | /
I © |, R s R R R
140 A
§=r ¥ ® v
= r —e— Eup. /
= L
8 w0 Spntji,fftjjjjﬁ
§ 80 - g o b
a3
80 g - ——
— |
40 —a— EXp. /
L 2 m=0.1 /
20 :— I:",/”/_47/‘
0 L/\, 1 1 l 1 | 4 [ | t l 1 L - Ayt s N L N N N
G 20 30 40 50 60 70 80 90 100 0 20 30 40 80 60 70 &0 90 100

R.A(%)

ALA(%)

Fig. 6 Comparison between theoretical and experimental extrusion loads for various area

reductions(R.A) and number of axes of symmetry(N)

200
B p——y i ey
190 - —— .3 B ——m=0.3
L L X o —o— m=g.8
180 - — —e— m=0.7
140 r- -
=120 r .
4 -

&l‘lJ.l\IJ-LLL_L¢1J'|A|“‘1'“14 tNAAJl.L.ln.l‘L
o
0 20 30 40 50 60 70 80 #0 W0 5 20 s0 40 80 SO 70 80 00 100
o 20 30 40 :?A(:: 70 80 B0 100 A o
(a) N=4 (b) N=6 (c) N=8§

Fig. 7 Theoretical extrusion loads for various fric tional conditions

64,/ 8124871288 X| /A 44 A1 E, 199549



As AE 2o el
T EFolAaEe] oF 80%7F 2 W H¥e
sl Aol watAlsickn AztEich o) m)
°l% A2 Fig 54 ¥ wio} zpo] uh
A go] zowl APHrL e ubw, w
2 gmiziage] AXA =W AR}
AA At ek webd, B s Aol A
T FolAAE 80%%Y WE HEwiAz w
oA E FEtd o

51 &3

Fig. 62 3330l o9 wazs g3
WA &e) 4o AL woFeh Fofxl of
Hase zAH FEIFE duae
o] $184% Fleln, 2 FrdrE o
Wdagel 34842 Fogeh =,
A%e 471 34845 5 e olAdA
289 Bashe ARe wolud o o
Ao 47b gold4 2 f5o] shesAe
gelolztn Yzhe, Fig 6b)el 4= 2
AFelA AN W A€AAsb vy

240 =

N=4 —o— Pavg
R.A=T0% —— Pl
—o— Ps
—o-- Pt

210 —

-
]
Qo

8
o
T

Extrusion Pressure(MPa)
°
o
T

L3
-3
li

/

\=

L | :

0.1 0.3 0.5 0.7

Frictlon Factar(m)

Fig. 8 Effect of friction factor on extrusion pressure

2
t —o-Theory(m=0.1)
o Bxp.(m=0.1)
8 I |~ Theory(m=0.20)
L o Bxp.(me0.20)
g —
g%
g s ]
s
[~
8 -
e_NLlllllllllll
L] 45 50 58 8o 13 70 78
R.A(%)
(a) N=4
g
—°—Tn.wy(m;041)
o Exp.(m=0.1)
§ I —o~Theory(m=0.28)
L oo~ Exp.(m=0.28)
s fe

]
T

Extrusion Losd(k¥)
L]
T

?
&

B N I EO IR R NP
o 48 80 88 eo 65 70 78
R.A(%)

(b) N=¢

2
—o— Theory(m=0.1)
o~ EXp.(m=0.1)
§ (T | ——Theory{m=0.28)
< Exp.(m=0.28)
g

Extrusion Losd{KN)

0 46 50 55 [ 1] 85 70 78
R.A(%)
(c) N=3
Fig. 9 Comparison between theoretical and experi-
mental extrusion loads for various frictional
conditions

HRAYISEHER AR A 1E, 1995965



Aed - 2N - A
e wolEh ShAASE A AW4E 2 .
A Bggzel 7Sl sddsle 0.774A ® - EE:,"(..'.E:‘EE:"
S4g sdstedeh O st Fohes s [ [
£ gtEetFe Fobstedl ol Fig 8of % oy
waol whe} o] wlRA4s}t FrbeA W 2 =T
AreldAsl AeeldAs Wsbh ool o B B L
Fofl o] Eol 94@ Frase gla oA b B ST
oA 7h AAez FAs) A o] = L
o ulel el A ﬁéﬁ"&%?}eﬁﬂ NEHoz 3 =0
-
AaA 7] wolg, AP
0

. B T
T

Averge Exiraded Loagth(mm)
]
T

Fig. 10 Theoretical average extruded length for vari-
ous area reductions(R.A) and number of axes
of symmetry(N)

~o— Theory(N=4)
o Bxp.{N=4)
—o— Theory(N=8)
o Exp.(N=8)
—a— Theory(N=8)
e EXPJ(N=8)

m=0.28 B
!

Average Exiraded Leagihimm)
e N N 4 KT

]
D[_r_Tl[IIIIT]ﬁl!lTl]V
<

1
45 B0 85 80 65 70 75
A.A(%)

Fig. 11 Comparison between theoretical and experi-
mental average extruded lengths for various
area reductions(R.A) and number of axes of
symmetry(N)

66/ HILMINEREX A 4D A1E, 1995

48 50 55 (14 5 70 75

R.A(%)
(a) N=4
&
~o— Theory(m=0.1)
2 - --D“Exp.(r!x-’:.l)
F -0~ Theary(m=0.28)
2 +— o Exp.{m=0.28)
T =r
ol
b
=
B L
=z ¥
; -
x =2
®
2 —
oLxl.l.L.l.l.l‘
o 4B 80 58 80 as 70 78
R.A(%)
(b) N=6
-
[ [—=7n (m=0.1
® - ---D~—Ex;.°(rn,:-o.1) !
r —o- Theory{m=0.28)
2 o Exp.{m=0.28)
T =r
= B L
. @
=
b =
8 -~
§
= =
=
=
75
R.A(%)
(c) N=8

Fig. 12 Comparison between theoretical and experi-
mental average extruded lengths for friction
factor



5,
al
oft
o
o
of
o
de
oflt
v

Fig. 9= &3
o] &1} Al ] 3=

@A gl

5.2 HIAQEZ0|

Fig. 10& H#2dolol gt chuiza
3} A2 o dBe vol 2o o
WEsgel FHe4E AFYEAole 2
e 2 FEEE dRida gl 24e
o web Frbstn ek md, A2y 4
7t BAEES ol 2AY FFGEL ol o
ARt 234 Zol51 glch Fig. 1o
A 2 ATl AAE Wyt A

7belas o] glewl, HAZe o A
of HAlHl Age Fabsht wheztsgol
2 Aol Aolzt A o,

Fig. 12 3 #tadolo] gl spaas
o) dee wojEch aeld mE wlel
ol A oA 4L HFetE) o]oﬂ )
& of g U]x]x] ot ol £x Ao
"HEdEe] 42 Hol giA 71 £ ©]

e 'Mi h el Wil o
Tl He A9 glee
ol Mz Ade) 2 P

I
i d

i

6.2 B
BEBE ol&dted Ay aAolx o2y
shAl gl AetE FAE ddsr Y9
e, SE4S A, A

"-% Sastget ofe

2o 45} ohay
ol%zm AR 7}
Btz lel 3l

of B ez
2 g}, aein),

A A ehrbaulel HERA Atzol B o 7

AME 1 Age

ol Ex ot A7} oA
2 A A8y 2 are OJb HEe A

ol & ol glo] olol g AMAle] LM
ct.

Hebd, & wEeld AAH Sxae g
FollAd o4y wAFS el gt

% 3 2h2d AF WAL olEdey
s AT 4 gle,

= ol

(1) Lange, 1985, Handbook of Metal Form-
ing, McGraw-Hill, New York, pp. 16.1
~16.66.

(2) Kudo, H., 1960, “An Upper-Bound
Approach to Plane-Strain F orging and
Extrusion- [,” Int. J. Mech. Sci., Vol. 1,
pp. 229~252.

(3) Halling, J. and Mitchell, L. A., 1965,
“An Upper-Bound Solution for Axi-
Symmetric Extrusion,” Int. J. Mech. Sci.,
Vol. 7, pp. 277~ 295,

(4) Chen, C. T. and Ling, F. F., 1968,
“Upper-Bound Solution to Axisymmetric
Extrusion Problems,” Int. J. Mech. Sci.,
Vol. 10, pp. 863~879.

(5) Iwata, K., Osakada, K. and Fujino, S.,
1972, “Analysis of Hydrostatic Extrusion
by Finite Element Method,” Trans.
ASME, J. Eng. for Ind,, May, pp. 697
~703.

(6) Chen, C.C., Oh, S. L. and Kobayashi, S.,
1979, “Ductile Fracture in Axisymmetric
Extrusion and Drawing,” Trans. ASME,
J. Eng. for Ind,, Vol. 101, pp. 23~35.

(7) Das, N. S. and Johnson, W., 1988, “Slip-
Line Fields of Indirect Type for End
Extrusion through Partly Rough Square
Dies,” Int. J. Mech. Sci., Vol. 30, No. 1,
pp. 61~69,

D AMIIBHEX A4 A 1E, 1995367



A - 2% - e

(8) Takuda, H., Hatta, N. and Lippmann,
H., 1990, “Upper Bound Approach to
Plane Strain Extrusion Under Non-
Standard Conditions,” J. of the JSTP,
Vol. 31, pp. 202~207.

(9) 7AAA, 1991, “HFFE o4 FH
4 AzrEe fusssd,” aEne
A48l AAES

(10) Hans Keife, 1993, “Extrusion
Through Two Die Opening : A 2D Upper-
Bound Analysis Checked by Plasticine
Experiments,” J. of Materials Processing
Technology, Vol. 37, pp. 189~202.

(11) Az, #Hold, 1994, “AbAlL Lol
dg 294 el AT AN apo)
5 el B AT, FFEAAFH
=), A34 A13%, pp. 23~37.

(12) 744, k54, 1994, “ALE mAjel
AT F-AHaH wes FAsSY F
AARFH gEele] AHE, T FFaAVL
23+3] =], A3 A23, pp. 156~ 166,

(13) Kiuchi, M., Hoshino, M. and lijima,

68/ &2 AMIIBEEX /A4 A1E, 1995

S., 1987, “Simulation of Unsteady Flow
in Non-Axisymmetric Forward Extru-
sion,” 4 e, 394 10%%, pp. 417~420.

(14) Kiuchi, M., Hoshino, M. and lijima,
S., 1988, “Simulation of Unsteady Flow
in Non-Axisymmetric Forward
Extrusion- [,” t &S, 4054 45%, pp. 184
~187.

(15) Avitzur, B., Bishop, E. D. and Hahn,
W. C., 1973, “Impact Extrusion-Upper
Bound Analysis of the End of Stroke,”
Trans. ASME, Vol. 95, No. 3, pp. 849
~857.

(16) Kiuchi, M. and Kim, H. K,, 1983, “A
Study on Application of F.P.S Method to
the Limit Analysis,” Rep. Inst. Ind. Sci,,
Tokyo Univ., Vol. 40, No. 3, pp. 144 ~147.

(17) Taylan Altan, Soo-Ik Oh, Harold L.
Gegen, 1983, Metal Forming : Fundamen-
tals and Applications, American Society
for Metals.



