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Finite Element Analysis for Deformation Behavior of

Materials at Semi-Solid State

Jong-Hoon Yoon, Naksoo Kim, Hunyoung Kim, Joongjae Kim and Yong-Taek Im

Abstract

A flow stress involving strain, solid fraction, and breakage ratio. and solid fraction updating algo~
rithm were proposed to depict the deformation behavior of materials at the semi-solid state. In case of

isothermally simple upsetting of Sn-15%Pb alloy at the semi-solid state, by comparing the results of

finite element analysis with the existing experimental results, the reliability of both the developed flow
stress and updating algorithm were investigated. It was found that the verified program can effectively
be used in the rigid-viscoplastic finite element analysis of the semi-solid forging processes.
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Table 1 Summary of the proposed flow stress expressions considering the breakage of the
dendritic structure and the solid fraction

flow stress, o

coefficient

e e o=K E“ exp(b) 'Em fe <fer K=K0exp[4.2(f5~—fc,)]
5
eZee| 6=Kef exp[b——~ Lemen) 1 &"| foxfey K=Ko-—[ﬂ'gf‘i)—]—

o ™ Egt

(1 (B * T =,

% b=2.85(1-So)

ol4e] A7+g a9ok3lW Table 10 WebA wie} 2t}

Table 1A &4 e d 8 E(steady-state strain, €
st) FAGERA 0] gH3| BHEo} A pAzADL v
S8 el =23A 2 oo ME ol

AFE0l £=0322 Y3 9ol dhsfe] B Ao
A AEE FE-8HA S o] &dle] FEUY %—.59} &7

4:—59} i@!%
WAE Yehlle 28224 F4] *Jia‘ o MR &

TTE FE S EHUE YEhidon), MY EsE
7+ ‘;%%%% &8 718717t FUhgE & + Aok
Fig. 1) Z%e V¥ E&HE7 274

T ro ;
0 ? 4 6 s 10 00 02 04 05 08

Strain rate, &, s Breakage ratio, S

Fig. 1 Effect of initial breakage ratio and strain rate on
flow stress for constant strain, £ =0.3

E=0.1s", 1.0s7', 100579 A% DAEo) w2 3
&% $5829) PAS Jehil: aRerA 1A% R
T RENYESEY} 48l vt fEsHL 37}
s, 271 EHgo] Zrld4E fELee i

024 i,

o %, WESARS IAZAe] TAELI A 27
zo) 445101 #sl EW QR Sz
i o} 4 loh mak,
FollA 71 whe
218g d 28 4 ok

(<]
his

Table 1°] u}w : %Mq 2
_"r:

4. DYEFE YElE

A E S o] mAT} dafo] EAshe Aele] A
B hEEYEs A @ A5 T AL A
WY & %58 sAYe 1-o
(macro-segregation)@4to] dojyr} ol
3t A oo ZRAl oA uf HEL

sdgo] HdletA gk 2 ApoiE fae s

HHEg Al g o] W) g 7t AYdre nde W)
e 22 g oz Pt

S
yo 2
lo o

E
'E okt
rlo
23
ot
[l
ap
H1
i)
2
JB
-4
=
o
B
=
ftj

o 29 i) tlo >

oy %o

BRAYIITEEX|/A6H M4z, 19974 /323



23F A
o] 35 u2ld vk Bkt
A7IN, AHEL DA HE} T Yoln] )
S5 Apolgk gltka 7hg gttt nlng nAHE AdE
= g el digh o] AuiSEte] BAlE H(22)%
ol £ E + Ut
Vln/ vml AV/: (22)

4714 Av, & Fig. 29 vehd g2ufel WApAe)
AARE AFE e LA e #4% et o
Aol A& EARoln Fakg ()3 HE ()2 ¥l

st 2ot

m-th element
boundary

control volume
for i-th node

Fig. 2 Schematic representation to determine the volumetric
flow of the liquid phase from surrounding nodes to
i-th node due to the pressure gradients for 4-node
isoparametric element.

Step 2. WEAMdo] B F 7 AHor diRse 4
AV 0 o] AAEFS AN olaf, 7 4
2 selg a45e) $UE AReEeA 1 A0 o
EE e AAE] FAHT

21(22)00A A4} AEEAE Av, & 77| fl8)
M 7} HEE Al g E Felok Snl. i A
AAolAel e MFANS Botel T ANUFEE
£ N Fezic &,

p; = lG//
=k g, (23)

=k(é, +€, +E.)

324 /SR AMIIEES| XI/A6D A4z, 1997

29 W34 - 28
o} ®rh 2(23)0AM P& 2] 7 AHE S wigh ¢t
Hozre g S FalA vl 4 ( 1)01] olate] A
Aol A g BAre] A& T RS Aate = oA @

'

o} A7IAM wlaldE k= A
34 (1.0x 1050l ek,

ghazalel AgE HHY

Step 3. HAHIAQ 7t AARE Wk (Av, ) E Al
Ast3 o] 2 RE kWA AN E FaEle] A HH e
2o) ol lo] Aol E2E (AV), B g(94)9} o] AArE
t}. Fig. 2¢] %%l k=1~8 o] €}

(AV),

= [ (av,), fdian (24)

Input data
{die and workpiece geometry,
initial solid fraction,
connectivity,

.
u

[

Calculate the nodal pressure( p, ), and‘

F Deformation Obtain the nodal values

analysis

(f,, u, v, s-component, etc.)

pressure gradient normal to the .4——-

control surface in element( ?p ) ‘

D'Arcy's law L (V) = f (dv,)efLdHAD)
R ’

v,
i 7 on

Evajuation of the volume of
liquid phase crossing over

control surface (2 V),
. - -
’ Update solid fraction{ "' )
g
| for current elapsed time = f
I
T
/ =
Leurrent i‘to/at//

7 Z(Av:);
- A

E—

T

‘
[swe ]

Fig. 3 Algorithm for solid fraction updating



g el A el WHAS Be FEesaA

oA71M, Are AZEEEolt}

Step 4. AlAbe ko] Aol gFo g BE nd&o
HskE 3

ARVSE At g i o] wdge e 2ol ¢
& ik

Y av),

I“.hﬁl - ‘vr ok 25
ﬂ.l f‘u V ( )

i

o}7]A4, V& Fig. 20 Bod=le uhe} o] i vl Ao
W3 AAHIA (control volume) 9] A Z otk o] A el A A
8 s SHEE o] E3to] Vel Fig. 39 2}

5. 7S84 HE

il

o BYL A3 Sleke]

= ATl AL frEsH AT ndETE deE
=]

oft
w2
3

o
o
X
jas}
o

29(5)2 4% m,~0.3¥=0 sjc
cuE B APAE o] b 2rir A43%
w3 g RS WEATELS BAG] A9 w

Table 2 Simulation conditions for the isothermal simple
upsetting of Sn-15%Pb alloy at the semi-solid
state

Diameter{(¢) : 12.7mm

Specimen size .
Height(H) : 6.35mm

strain rate c=133x10° §"'
friction factor m; = 0.3
Initial solid fraction fo = 0.63

S = 0 (Fully dendritic structure)

Initial breakage ratio
S = 1 (Globular structure)

Permeability to viscosity ratio x/7= 10x10°

HEAQ FHE FaA8l7] h2el Sn-Pb vHE-&3H
o]

AFA EFvEgal EHBH Kat-

o] gt& YARZET v H oz2AM £=0. 5016 zZ
Aol M ZR7) dert Ae a7t F22 1 34 &
e ol%e s e 2(10)88e] WEH S age
AHESE717E 7 ES WERATh o] Wi dAudE
olde] gellME nAAG | 7] 28 {ESHA S AL4s
A e Aot wety 2 APl dAndE e
f,=0.5% 7Pt 7l W&ol KattamisFo] A<t Kat

< T80l Sn-Pb WHEEHEY F5EEA Aol A

(o3

Blwd Aeen $A4 293 24249 34 Suery
£ 4gu praes dxak Fee Yehine

——— §,=0{Calculation)
500 T T —8— 8 =0(Experiment)
~—o— S =1{Calculation)
400 - —e— S, =1{Experiment)
Zz 300 - 7
o
E ol v
100 ~ B
0 I | L Il
o] 1 2 3 4 5

Stroke, mm

Fig. 4 Comparison of calculations with experiments(5) in
load-stroke curves

Fig. 5la)~(c)e 27123471 A 424
(80=0)4 wf Ztz}o] o] A& (reduction in height,
r=30%, 50%, T0%)°l wet 2ol a8 22 U
el 1ot ghéo] Waigel mheb AlH e} 258

BIRAMIIEE SR /H6H H45, 19974 /325



-
j> 3

SHA)

e UL

3

<)

w~ % P e oF R %o ® T oW M oW R o] m
DRSSk T RRETTITEBSE
T =5 T — =0 W — T
qE R < s o
mﬂﬂoo_ﬁ%% W%g%ﬂ‘w_ﬂm_é%
=T owm WS W R
T Zamag MoHT | TR aw
»EES R R TR AR
o35l ZLELIRTTy
= T oh B 3 e
BTpwEY <V BEoarg
SIT IS ER PN L
0 R e 9 el
.d.,u‘,ild%m .mu.:.oaan_o = B
ob S ok W R G -
ES e d BN L E T N’
i 0
A o A R
Lo w v F L - TG
T X EEE R Al Eea S Aw o
el eI I U ] °
Y SRS K .
i“ﬂﬂ%%%@%ﬂ%@ﬂﬂﬂq
R > Sl e G Ul S SR o
ﬂ,mal_ﬁuw\cu‘olﬂllﬂﬂo,_tﬂaoVnAlEAT &
éo_ai_og.oﬂ@ﬂ@ridnﬁ.%@% 0
Jodn aH %o P om %o ool K o] B R W &
o S~ S B ol AT T K HE T M © o o g;
R [ Ww ﬁ,
" n A
o0 LA
TT W TEMTIFBRYE P EIA /r ~ o ~ /e
Tk Mmoo T B S X . = 2 g
Ly Trrgifing L8 = = )/
gtk mw Ko o ™ of B o a i
. FTOT N =T M T £ /
— o BEING 3 s <0 °
P FE— g B g™
aMo gmEroewZT® 0T
oy alege FED
%H%ﬂﬂm%%%o.%ﬁi © 2 E
TE oW R wBe B ooy <o o B N
mwrﬂwguﬂ%wwwmm NS g
H_WLC‘W‘WOTI__/IOWH_\_WDIZA\M? 703_&
TrzpoPgReTeg 4w
preBosEero i a2
E%W%%gzw_ﬁw,ﬂi_oﬂ 2y
uruTﬂWﬁmaleiwodlqmd .\W/lﬂ
_ﬂLLth__mnﬂaabo_‘p.o_ozodramﬂmﬂ
e A ads Ve ® gL F
P T N RGO Sl N SV I
o B pr B T W o oI iz ok
G R BT W W % 3 o W T

(c) r =70%

1997¢

=,

Fig. 5 Solid fraction distribution during compression of Sn-15%Pb with S =0

33| X|/4 6 A4

rat
=]

s=mAMt

326 /



3

- : G )
o] W T x ﬂ ™ Aowu < o+ o
o o M B o ) ~ R
— <0 1] = g o B
0 <0 do o <) Mo = R
1y <l of %o T N w5 =n
‘s =" M B o o i e
S T o= [ Ho < do g B
= EG oo < = B 0N
£ W op o} wm = %o o o
@ Bl mo % yo =T o o
o s ) ] o = o~ o ofo Ar =
o~ % do Mo A ph 1 oo o = o
A = £3 o B — G e S 4
AN 5 pEEs R OZ O S s
© AN\ o = Me £l Ha o fol- WLM = .._”n_ N3 =r SR
S AN B i K = ® &3 2 Mo
o - @ g KR o =< = = ™ w )
7,YA\D 5 4 NN = W 5.t )
o v// s 2 g B WT o G > -2
7 = b 2 s oF 0 E o 2 oo 2 & -
/7 ; 2 S 50 T X
— S . Mo o O o =2 g
- N iy k| TRRIT S £ S B o m
NS Ocs e / ..M T e T o< - g =y
ST e ,V,J\_mw =2 o M av c_w ® 5 ® GRS ey
; E < N 20 T o iy s
) Sp N / 5 = c,“ % B o WS S )
e 3 ; o -
T o / g W oo oW S
o (4 o % M
© 9 < S B
[=) g m =~ IS
&8 5 .
N =< 7 =
I / I . M - oo @me N w1 5 wm ‘Mm ‘.W Aﬂ ﬁ
~ = s g B W OB T o] X ~ )
3 /- s £ L R o
= 2 S = § M — o ok o o] % mmm wlm o .Mo \W_
~ = B o o o
E oo Dok A BB g W R W T
s el Mo ox B Y 2 A+
k| r B g P E FRD o
= ‘.ﬂe [ < o ¥ o e i
P — == T - O
: wx THLL®®T 2% %
g B 2w ok oo I
2 = l Mﬂl ,..ArM G w I gJ ‘i|._ blo =
= — = & iy ~N . ~
Z T g _ T A gw MW o E
2 5 ‘_o R b R
= = WD o 1O B I © T yn ol
= o0 0 EoN ] oW T o i
e w .lﬂloﬁT]Eﬂ_‘L uTﬂpu 2 o
s o Fquo.dl X 1 e S
8 S i e ooy L%
= R T R Y GO
= Boow T N deog W B
% BolMERoag® g
e PIEREELLce g BT T
g N 2o T o xR
= Y .wcm&ﬂﬂmom.&%ﬂ L
%%Fnﬁﬂ%ﬂﬁﬂmﬂ Bt o

RANIIZSR|/A 6D A4E, 1997 /327

pp-92~110.



rdo
of
ot
a
AL
_{\,

(3) 4| \/1-/" 71 54 0:1 7]%;(]1 1996 ﬁ akz]—x«]]*" 71] 7]% ,
#43) GT M A %3714 Workshop =£3,
pp.446~451.

(4) V. Laxmanan and M. C. Flemings, 1980, "Defor-
mation of Semi-Solid Sn-15 Pct Pb Alloy”, Met-
allurgical Transactions A, vol. 11A, pp.1927~
1937.

(5) M. Suery and M. C. Flemings, 1982, “Effect of
Strain Rate On Deformation Behavior of Semi-
Solid Dendritic Alloys”, Metallurgical Transac-
tions A, Vol. 13A, pp.1809~1819.

(6) D. A. Pinsky, P. O. Charreyron and M. C. Flem-
ings, 1984, “Compression of Semi-Solid Dendrit-
ic Sn-Pb Alloys at Low Strain Rates”, Metallur-
gical Transactions B, Vol. 15B, pp.173~181.

(7) P. O. Charreyron and M. C. Flemings, 1985,
“Rheology of Semi-Solid Dendritic Sn-Pb Alloys
at Low Strain Rates : Application to Forming
Process”, Int. J. Mech. Sci., Vol. 27, No. 11-12,

pp.781~791.

(8) 7 3‘7;_! HAN, 255, 1996,
£ gFrE7 HE-"J vz

F49 4871& A EAL®D, pp.153~178.

& Ag wef gkt

it
& a4 2

o ojo
ox
2 o]o
g K

F}‘N mo

o}

e

328/ B1BANIIEEE KI/AI6E 45, 1997

158 AR HEAE Y

A el f e s, 7] A
=53 A, 42094 412%, pp.3715~3727.

(10) S. Toyoshima, 1994, "A FEM Simulation of
Densification in Forming Processes for Semi-
Solid Materials”, The 3rd Int' 1 Conf. on Semi-
Solid Processing of Alloys and Composites,
pp.47~62.

(11) Shiro Kobayashi, Soo-Ik Oh and Taylan Altan,
1989, Metal Forming and The Finite-Element
Method, Oxford University Press.

(12) T. Z. Kattamis and T. J. Piccone, 1991, “Rheolo-
gy of Semisolid Al-4.5%Cu-1.5%Mg Alloy”,
Materials Science and Engineering, A131,
pp.265~272.

(13) Jay S. Gunasekera, 1992, “Development of A
Constitutive Model for Mushy(Semi-Solid) Mate-

, The 2nd Int 1 Conf. on Semi-Solid Pro-
cessing of Alloys and Composites, pp.211~222.

(14)M. Kiuchi and S. Sugiyama, 1994, "Mashy-State
Extrusion, Rolling, and Forging”, The 3rd Int 1

rials”

Conf. on Semi-Solid Processing of Alloys and
Composites, pp.245~257.



