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Prediction of Distribution of Solid Volume Fraction in Semi-

Solid Materials Based on Mixture Theory

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

Abstract

It is more appropriate to treat that the semi-solid mixture as a single phase material that obeys
incompressibility in the global sense and to analyze the liquid flow only locally than the approach
based on compressible yield criteria. In the present study, a numerical algorithm of updating the solid
volume fraction based on mixture theory has been developed. Finite element analysis of simple upset-
ting was carried out using the proposed algorithm to investigate the degree of macro-segregation
according to friction conditions and compressive strain rates under the isothermal condition. The simu-
lation results were compared to experimental results available in reference to test the validity of the

currently proposed algorithm. Since the comparison results show a good agreement it is construed that
the proposed algorithm can contribute to the development of numerical analysis of determining the

solid volume fraction in semi-solid processing.
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Table1l  Material properties and process analysis conditions

Viscosity, H 0.0025Pa - s

Flow stress G- G =1.7**MPa

Initial solid volume fraction, (), 0.63

Friction factor m, 01,03.06,10
Compressive strain rate € [1.33x10% 1.33%10%, 1.33% 10°(s")

3.175mm

} 6.35mm
€

Fig. 2 Specimen geometry and initial mesh
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Fig. 3 Solid fraction distributions of the compressed specimen
with various friction factors
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Fig. 4 Solid fraction distributions of the compressed specimen
with various friction factors
(€ =133x107s", e=0.52)

hl =2

Sl REe) WAEE AL B4E WYALE B
o WA ¥l A L2 FF0] 4% Aol Z7ksHA o
£ @ gRolth. 34 o€ o] & HNFAE
e B aasE woe] AFE Holw i 6 o] B 2
o] D3t AYVE BAR B 1eleke Fatels] A

A Suery®t Flemings'®9 A¥A7E FIA T cholst
HEa e FEd Qo] wol B8 S AN 5 AU
th olArel AFEZRE B AFA AN WYE S
gugEo] 71 A E Hrt EYdez g9l
AHRE el & °'E}

AAAAE eRlE T8I of Tl B

A R wgS e} obd S nA4

SFago] Foldl AR NN A ASsE vl
£9Q) vl Q4 o) Aol dF 9

- ] -1
ol Ze AEge nARIAEe

E ¢
glx
=

R4
T
bR
3o
T

a
%

HRLMIIZEER|/ABA A4F, 19994 /403



Semi-solid state

= = ~ = Fully solid state

8] J|_\%0\¢
7 ! 98
. ] 92 Sa
JBG}S " =175 -, ~ \\‘
8 | ey
' 74760\
! 1 H
(@ £=1.0x10%s"
1 Y
801/ 182\ \\84]
]
1 AN
AT H
(b) £=1.0x10’s"
78 2\
\
— 5 \
e
A L

() €=1.0x10's""

Fig. 5 Solid fraction distributions of the compressed specimen
at reductions of height 25% and 50% predicted by
Kiuch, et al. *©

A3 wu} BAE ol HETE Ao o
%E% A<l m FAAe2 011 W]
]

GFeN ASE AEUE olE .
Rolehn & & Ak, ai7)4), BAW Yeht a4 B
iﬁ& AFE o) e WAz 5

F

n

0}

Plnsky Fe ‘?lo% Sn-15%Pb &=9 ‘Qﬁ;‘r@.%‘ F
AE SR HANGoz AFES FP3GE o
B AFME B3 8% FE0E 0 BE AP EA
ANE AAEL ¢=0.183 e=0529 FUEE &
Al thsia olEe] Axtel vlws] Hgith o] W, &
WHEE 25 £=133x10757"olt}. 4714, Pin-
ky 62 45 A Al F e=030] & uf, AJHN 7
kil doydtiy Bustg on B dFdAe #gol
ot o| o] ddd disiE Aztel Aol ZAl7t
v sl e=0.52 o)de] WY B disiM= 2
T2 v 3R] g3}, Fig. 62 2 AFelA Aakd 2

[z}

°l

(e]

—_

¥0 1 R
R ook
[s3

404 ) S22 MTI1ZE}3]X|/A8A A4%, 199993

. I 2 T T T T T T T

S -

X =3

= Lif 2
R =

51

s 1.0 1
= /

£ o9f

5 —8—m=0.1FEM |
5 t/ —o—m=03FEM

a<] L —A—m=06FEM 4
o 08 prediction of 1

= c’rfmlr:lyl?gnn eral(1) VT m=1.0FEM

= —o—m=10uBM | |
g 0.7 / ——Exp.

R e —
4 06 ) f L 1 L | L
] 1 2 3 4 5 6 7 8
Radial distance from the center, mm
(a)e=0.18
14 T T T T T T T T T
2
= oy 1
g
Q 1.0 b
&
- 08F b
= —9—m=0.1.FEM
Z 06 —0—m=0.3FEM 4
= . Prediction of —b5— m'=0 6FEM
g Charreyron, ef al. LI
N 041 ate=044{1] —v—m=1.0FEM ]
= oo —o— m=1.0,UBM
E 02t /o/ —+— Exp. -
] o0
4 00 ) : NN ; L )
0o 1 2 3 4 5 6 7 8 9 w0 1
Radial distance from the center, mm

(b) e=0.52

Fig. 6 Normalized liquid fraction vs. radial distance from
the center of the dendritic Sn-15 pet Pb specimen
compressed at various reductions of height and
friction conditions: (a)e=0.18 and (b)e=0.52

#}9} Pinsky 5“9 23 2 Cherreyron® Flemings"”
o] AN ARES viwste JY=ZEA Jdzn £
Ao sjMgho] vnA FIstA dAsta Y& El
& = i}, 8kA|9t Cherreyron® Flemings"e 23
< B2 exE el o714, Fig. 6(b)e
e=0.529) 3t A 2 AFAANEL v w3 HelA Tt
o] ¥ g th& Cherreyron® Flemings"9 A 814
Ao 4& F fenz, e=0524 7 ske
e=0.429x129 g3t vlms) B Aotk o)de) wnzE
BE] 2 dpoA A adE SF g 34
ol A3} fEo] HFAogy PNE AHE F1 YSS
gl & 4 it

T APLwo W2 pAEe BIATS é}fﬂyj
AalA whEIAE m, =038 AN F ¥
&= 2 £=133x107%7", 1.33x107's™
1.33x10%s7' 9] A7kA] A$2 s} Al71RA a8
BT} Fig. 7€ e=0.182A49A 7 =70 & 2

=

oflt
SE



0.68 0.61

0.65
0.75 0.58

(a) €=133x107%s7"

0.62
0.66

(by £€=1.33x107"s""
0.634

0.632
0.632
0.634
0635 0.631

(©) £€=1.33x10%""

Fig. 7 Solid fraction distributions of the compressed specimen
with various strain rates (m f=0.3, e=0.18)

R A o L B S e ST
= 12 .E
RS E §=133x107s" ]
§ Lt e=133a0%” E
3] E ]
S f o ——
2
- 3
gos &= 13310737 E
s ]
£ 07 E
£
Qo
Z

=3
ES
T
RN NETE

o
W

0 1 2 3 4 5 6 7 8
Radial distance from the center, mm

Fig. 8 Normalized liquid fraction vs. radial distance from
the center of the dendritic Sn-15 pct Pb specimen
compressed with various strain rates
(mf=0.3, e=0.18)

g. 82 Fig. 69 P} Pl 2 WA AR
MSLE WHE Sud Heh lnd 22 WYE 5

0.64 0.60
0.78 0.69
0.55

(8) £€=1.33x 107357

0.646
0.657 0.64 0.635
0.678 0.635 0.625
(b) £=133x107"s""
0.648 0.654

0.648 0.642
0.642
0.636

(c) £§=1.33x10%""

Fig. 9 Solid fraction distributions of the compressed specimen
with various strain rates (mf=0.3, ¢=0.52)

09

0.8
£=133x10"%5"

Normalized liquid fraction, f/fo

aeaa byl luaaslag

0.7
0.6
0.5 P B SR S N S S S R SRS R
Q 2 4 6 8 10

Radial distance from the center, mm

Fig. 10 Normalized liquid fraction vs. radial distance from
the center of the dendritic Sn-15 pct Pb specimen
compressed with various strain rates
(mf=0.3, e=0.52)

=7t VS E AW 40E Fule AY JehA
gt ol2@ AFE-L Pinsky §"# Suery 519

43S 5 AN E AFE v slon Hadns) A
A HH-g A ge 14E T WFE X A% S H49
A=

e v‘f-:h‘_ 2 "”‘ﬁm’?%@] @;’/‘o}% H3ls L}E}Lﬂ—t— I8
EA 7t w2 A a4 5840 2o F71
d A% Jeplglon, olobe diz ool wE RS
A= ¥F o xao) AA e ] Y Y E 2 AL E
BEE A% fA312 IS & 4+ et

S0

fa

[AYIIBEIEX] /A 8H A4F, 19994 /405



(2) ¥
o o2 el WlelA Bt Bt £
< T Al

(3) #A ¢FA olgd wRoE2 AAHANY %
Agel WIAT 52 HAEAH 24E FAskE st
o vhel st e BAA 2 o] AlEsojol & A
o2 AR,

g5 2 AFoA Akt SusH A e AB
o |3E A43 RAT F e MY AL
B WPt o)Fo] AW W 7h3 3 A o

"R
-4
=2
>
2
2
ro

T

A Be ANSS ¢ 5 IS Ao, oh2Y WS A
N9 84 54T US AoE Auan

B ATE 7 AANATANE AR Agoz
o|FolH o, ojol] BAA ojef oA AHE =R,

03
Kl
FO

e

(1) 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.

(2) S. Toyoshima and Y. Takahashi, 1991, "A
Numerical Simulation of Forming Processes for
Semi-Solid Materials”, ISIJ Int 1, Vol. 31, No. 6,
pp.577~582. '

(3) S. Toyoshima, 1994, “A FEM Simulation of Den-
sification in Forming Processes for Semi-Solid
Materials”, The 3rd Int 1 Conf. On Semi-Solid
Processing of Alloys and Composites, pp.47~62.

HFE, 199, " egAR 4EAF &

SEL DAF AR, UetsA T
1

4)

i}
=
[\
<
[F
[\=]
fole
=]
=
W
~J
—
k8
W
~J
[a=]
R

406 / st= 2 MI1Z8S| K| /A1 8E Al43, 19999

(5) A. Zavaliangos and A. Lawley, 1995, “Numeri-
cal Simulation of Thixoforming”, J. Mater. Engi-
neering And Performance, Vol. 4(1), pp.40~47.

(6) T. C. Nguyen, D. Favier and M. Suery, 1994,
“Theoretical and Experimental Study of the
Isothermal Mechanical Behaviour of Alloys in
the Semi-Solid State”, Int’ 1]. Plasticity, Vol. 10,
No. 6, pp.663~693.

(7) P. Kumar, C. L. Martin and S. Brown, 1993, “Shear
Rate Thickening Flow Behavior of Semisolid Slur-
ries”, Metall. Trans. A, Vol. 24A, pp.1107~1116.

(8) N. Kim, J. H. Yoon, D. Li, and S. [. Oh, 1997,

“Flow Simulation of Semisolid Forging by FEM",

Annals of the CIRP, Vol. 46, No. 1, pp.183~186.

& AT, 489, A EA, 989, 1997, g

Gl Aol WA T R FF oA,

I g7t =
3 E

1

®

(10)

Q
)

fo dob br
B
%
filo :‘{%
0=
ofo

=2
l-.l
%
— e
-

o of do o @ o
o 9 ol I

I
i
™
=
=S

(11) S. Kobayashi, S. I. Oh and T. Altan, 1989, Metal
forming and The Finite Element Method, Oxford
University Press.

(12) R. M. Bowen, 1976, Theory of Mixtures, in
Eringen, A. C., III(Ed.), Contiuum Physics, Aca-
demic Press, New York.

(13) D. R. Poirier and G. H. Geiger, 1994, Transport Phe-
nomena in Materials Processing, TMS Publication.

(14) D. A. Pinsky, P. O. Charreyron and M. C. Flem-
ings, 1984, "Compression of Semi-Solid Den-
dritic Sn-Pb Alloys at Low Strain Rates”, Metall.
Trans. B, Vol. 15B, pp.173~181.

(15) M. Suery and M. C. Flemings, 1982, “Effect of
Strain Rate on Deformation Behavior of Semi-
Solid Dendritic Alloys”, Metall. Trans. A, Vol.
13A, pp.1809~1819.

(16) M. Kiuch, M. Yanagi and K. Hukushima, 1994,
“Numerical Simulation of Deformation Behavior
of Semi-Solid Metals”, The 1994 JSTP Conf.,
pp-437~450.



