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A Compression Behavior of Semi-Solid Material and Finite Element Analysis
Considering Flow of Liquid Phase
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Abstract

Compression behavior of semi-solid aluminum alloys with controlled solid fractions was inves-
tigated in the present study. The stress and strain relationships were obtained from the compres-
sion test. Variations of the solid fraction distribution and the material behaviour were investigat-
ed for various friction coefficiants and die speeds. For a finite element analysis, the semi-solid
material was described by a compressible rigid viscoplastic model for the solid region and Darcy,
s law for the liquid region. The computed results were compared with experimental data for the
validity of the yield criteria.

NEzMdHY F Fads we d42
A TR A RS A4y WA G P A ERA
As T HEEgAES] el WA 17 lx yuEke) mhglwe
Ar  HEEFA B HAHA Ji CEHe Al
Ao I AHE] A J2 PHAREE e A
B aia-gele) A2al Lweke 24WE sy k DA kg e
B wW¥ES= ¢ Ks o aadedel mie A48y
e CEAAYE Ko oededol g AAga
f PR R g A4 N I EARs
f cargeele] Y HEEAE AAY  om wW¥Ls wge
aence R myDekoleh Aaf o]} whabA4

foo TAAE nyoholek A EsE el 443 ubgp
fs CRAE(=1-1) P IhEAYA F4sE
frre D Tholsh &l Abele] wpiabed b coaegodel Hgate ot

59, LAEm A A wen) po I AFERHANMY 9k (=0)

x

319, Sareetn ojskal a it Aol Wans



3716
Q

Feree

On

oF

ol abal o] A

i
&

A
N

ol A4
o]

L

.AO
T

ML

B

W
%o

by

oH

Sr

=x, y)

H(i,J

olo
vl

&

Y

ol
o

pry

EO

oo

¥y

e

o] FAR AANN FHE

T

M

UL

N
o

=
=

o

g

-
5

of 7| wol F53el o} 7}

o
To

A

Vi

oo oW
e
HTMM.MO
o o
,_F7i
T Mo
oo
¢ ® o
ok
&o&oﬂﬁm\
Z.*.wfﬂ_mu
-
o & 4
o
&omMi
® & B
ﬂ.u.cuqor.
o 7 o
o e
in_mo
Bl )
of ™
s
=
oo
.(l\w.wﬁin
g Mo B
M.WoT.mu_
Eq&o,_._mo
4 o o
T
dAlxx
T oo
T o o
ﬂon%.l
S
-~ 4 3
SRR

D AA

14

T
— N =0
T w
uIﬂo
.ﬂu&owol
S
[
o B
o
R
‘Nﬂ]]
aTUu?
H_T.EID.I
Mon_..nui
= K Hp
-
_o_.ﬁu_].%
Mo
T —
T
oo Ho
AoﬂM
WoT .
TE D
T e T

L g Aol Yol A BEe HA

Ve

Ur

o}

F

pal
)

o A

Azl slolA 715 A

u}g-§ 7} 2ol g o]2 724, Toyoshima

)

R
o

o}

Vo

s

bl A 3

Sn-15%Pbeil i

off o
Al-0.93%Siol o 5t

]

9} Takahashi+= =l 59

ZBEE

y

’

-

3

.
=]

o] qlod, filtering, upsetting

A aae) Wel E7]

Dol

o
[e) i

tolemd, KA

3

(v}
Ae

Yii

ujo

Foieh, Kim

3|

o wshol Halod AT

T

ol

oF

: & 3 (variation) 7] &

: Kronecker delta

bl wHgE

(e}
=
1344 Aol o3

7
E
=
Lo

2
tiet, Lalli®”

[e]
o
3
A &)

9|
o0
=3

v)

sbetslgdoh,  Charreyronst

Pb-Sngt

FEA5E

Flemings®

éhk

w
T

R
N o<
® ®
5T
BT R
R
11_|]‘|
T m oy
T
o Howe
Mﬂﬂﬂoﬂa
T T PP
B
3 A
= W
—_~ T
Aonﬂ
o#allqi
io,mn_n.mu
CY ofo
A o oo
B =
M
Ma
53
,..No
W
= £}
ﬂa%ef
Ho WORN
ok o
)
QL R X

A}

al

slAledetd mel g of &3t

Fahgieh,

A&

R PERE L

AOL 9]

of A I

SRTRCERPNES P ED

17 olaich webd, £ dFolAE

A3

3

z

sl

fof A@ASt WaAE

=x, ¥)

(@

ah

To

ole

Oij



HEgAEe] dEAT W A FFE meld FaL LA 3717
£ Yell& Darcy's Lawg A
e Fessds Syt

| obgA st ol 4 sel Watol o A

hREAHEY] Azol ALEEA NEE Fzg
R0l aad AB6olvl, 1 ud 24e 4
Fig. 1 Mlcrostructure of the semi- solld A356 with
B A7 o] R3le] AHAAlslgdond, o Table 1
47 EA 183ted Fekstomd, ot ol solid fraction of 0.5 fabricated by mechanical
ol F A5kl o, stirring process

o 5008 A Eo A356szL c7mon o}
L A7 Rof o] elrLL
7tz spedste] kA s

A7l zel Yol A5

bt ru[m
@
—
o
o}
i
ox
Lo
o

RAONC

Z; r
pul
h
-9,
I
R
K
rﬂ.
B v o b o

600C 7kl A so] =& dppAlzeh, 2oy
29 gkArA] 7] 7] Ho}oq A{]a} Hii 28 3fe] il

o 0 0 0 O
i
O ©

e} Lxote &74]*4" 4%% 2ok @

[T _l]l/ —\@
s B=L ] < 100098) (1)
@ Load cell @ Compression specimen
@ Upper plate & Band heater

ASB6H ol PG AaA mAMEEE 27

T:=615C %} T5s=555C o] c}, ® Thermocouple @ Lower plate

A nAEY 2Tk A Alejg Z FARAG Fig. 2 Schematic diagram of experimental apparatus
A7l Ysted mHEFA]ZF 15802 dlglow oH}7) used for compression of semi-solid aluminum
o SAE =7k vgu}alzi-‘%a °F 10em Hre atloy
Ao 25 & 39l adk-g- dadle]= SUS316
2 Apgsked A7 38 SemmE A #teigiont, W A2 sigtetch skqkE e 100 MPaoln] # %) 9

A7t 457, ol Phe stelovd, AfHel ank sRMEEE of 20mm/sec, ZAA AL 1522
Tob el AFoz o ddeEde U Stk ISR 3 2He 3o 4x” A
A sh7] £l eted Hl%”‘xHii LHE dto] Agstal & olgdte] Alzmel WYe FPoaE 23
vh mbAIZbEoE AHE e AbshE .m] k7] ¢l shed P 743 sold 24 ¢ A2 4 Y=g A4

ol

AL oz ofg FraAs Faolslgdon], w3} Al < stodch ol4 e ubdol o)dled A =3F wb

7b Hike 2AES vhH e 2Rl 7}174 =¥ ggAse) FAstzA S Fig lo] ¥4)59ch )

He ot ges aubg A7z Wy g 280 r2age MTSo| 2xselx o= 7|
FARol CAYAAE 27t abgdsted 225 Ale] 22 o]gsjel Fig 29} 22 woz Adgdaxs

shoich, w45 600~620 rpm FEE Sl TS Ad F Aol AshE WAy s
anksts F REEAEE ol FUdd F A o Arvlas AL 2o

Table 1 Chemical composition of A356 aluminum alloy

Element Si Mg Fe Cu Pb Mn Ti Al
Mass (%) 6.70 0.43 0.27 0.06 0.01 0.09 0.04 Bal.




3718 A AR

SEPERIPVES

&% ﬂﬁﬂl%dH.L“ﬁ“A Mol cheh o
slste] Fig. 304 3olFi wuish el
Agez Adae e A

i
N

2

or o
2

22

o =

b2 o o o o g
2
N
>
2
2
el
o
Ly ©
-
>,
2
2
lo
fu o

ox mo &

= ©
72 (100~ (13) 2 <dubd oz 4 (2)9 % ]
ol ol 41 = AmMc% o
Shima and Oyane'V 7} A 4]
4% AE3h4

>~O
4‘“ i e

F=[3(AJ}+B'J3)1¥*=Coo
A=1/27f% B'=1, C=f=(f)? (2)

o] w] A4 fX Shima and Oyane°| #A1& 3
D =A% Feh (13) ol slo] 53 7Fe] 7
7+ Foj A

_ 1 _
f_2.49<1"f5)0'5“'

A sz 1/2
f_<2.49(1—fs>°~5“>

Liquid
Solid

\MW %
Oy ‘—"l/// [ dijp
// 6___ US&J

Fig. 3 Schematic representation of microstructure at
semi-solid state

US 1j

aARdY A (20

G=H[3(AJH B ]
Ffs=—fo Emn €v=30n(1—20) /0 (3)
Al (39 GH AMERIAMR s sh 22k EA
of e S WY HEEE DAL g3 o
dg F sk,

Ox= 5"*’5{2 s'x+<f2—%)ev}/§ (4)
o= o Bt (1 F)e) 8 5)
Ty = [0 0/ (3E) (6)
EU-_%%& (7

A4 4ol 4 512l Darcy's Laws
4 b ogbel BAE 4 gleh O
(1) xuk3k
_k_dp
U fr= o (8)
(i) yuhet
. k_0p
Ut fL 7 r?y (9)
wq A5YAA ul AARAL cheat B
(iii) ol &akAy 4l
VUsV fL U/_ =0
UL:uLH-L'l]
= 8 0
V= +/ ay (10)
(iv) #AA=A
p=po 1 AFEH (11)
9 epojs} g EshE W (12)



3719

(21)

0

‘“'/S.r t:00:dSr

o

HAd

=]

2
—

]

[niy

S

12

+ Darcy’s Lawg A&

del 5ol Hhatod

H AL

al7] gl Al (13)

ohg3} 2o,

x op

thA] 225
x Pp

o
E)

0Us

otts
ox

(22)

=0

+

o 0x® 7 0y*

oy

%

%o

e
e

]

0

(ij + 8{1’pr)

Ox;

(23)

(15)

D 8Eo] ol A A (Sk)

7} Foizl H A (Sv)
n,-:t,- .

?)

|

vi= Ui .

X

(0‘,‘,‘+ 6;‘;‘

b ol verd & gleh,

L

S
5 =
| —
&le
hN +
™
—
2 Sl
— ©
ey
OISR
a_ V
1_.“ ol T
u (ﬂd =~
© <&
o~ 1 \.|D/.
<lE % § «
= 2
—3
— + |
Il
g
5
-
—
«
— 3
- W
PN _
oo 2
_ v
N+
/|.U\ o~
“«© 3
+ e
ol |
w 5
Nfen
2
- et
= o
® 4 -
\.mo Qe w
2
° I
n !
S
=

AT AN RERASAL 0| i}

43

+(Enm e Vg (Pt Pt 75

+(ren?]”

(19)

(ves+vii)

1
2

fv Su8é udV

(25)

9:BDB(60)dV

9
g

!

[Asuwisenav

A714, FEA HadANao] oA

/;Hﬁ (89)aV

g]
gelsh 7

(26)

=

_,
v

2 op

]

o ol

ok

|

<% g

1 HT

& W

M

27)

_/;UuéijdV‘l"/VfLax:fﬁE':jdV—/S‘F

o=

\./ —
[+ o} N
™ &
= =
4
AN
S
Toa
{ =
—
Il rN
~ (NS
s &
-
S
S @
«dTu N
SR
~ >
fl <
] 143
S, &
T3
>
&
" =
=
=
(B

2

2

4

=)
«
=) 1= o o
| ™o <o -
| i +
N z o
“ONx
|ov <o oo
e
N X
S IENIES
+ [ _ <
N ~ o
R %
n
i
o
Il
Q
o
(== .
Mu,ur
s R
b
SO
= W wy
[aN]
<o um
T o oS
. ~
ay KO R
Gy
4r
* ~
w Bl
P
N
G
.y S
20 @
= B
£}
w

v



3720 e -

(8)*=¢é™Dé=(Bv)'D(BV)
= 7"B'DB?
17T={1)1 U2 U3 1)4}
Pr={p1 p2 13 s}
et 4 (25)~ (29 4
sk o3t 7

(21) ol HY3ked A

Moo 7, 15>=[fv—§—z7’BTDBdV+fVstdV

- fTNdSr] (65)=0 (31)

S

A (B1E §59 oMol thele] g4ubA Ao
= A8 & AAgdel ool Belabw cheat
7EL_3_ 701-/(61H zc-’l _10] o] 0-1 z]u}.

wsol(vy ﬁ):F(E)E+GD_h=O (32)

o} 7] A,

5) = f %:B’DBdV (33)
G=[Hav (34)
h= fs FTNdSF (35)

o spejeiol A

K
=
Al (24) & AAe f‘é*&ﬂ—’?% AYse o AAY

2 olGetel o AhAIlY &3t 2ok,
5Hliq=f[%%quj'f‘%QLqJ'l}j]dV(api)

& 0qi[ dq; 9g: | 9g: 9q: _
i Bx[ax oy T3y oy ]‘”’(31")

~ [a:Quav (sp) =0 (36)

508 Aol st A (36)& T ol
38T 4 Yk

Oun(5, D) =/;Lde7+ﬂKdVﬁ—j;MdV

(37)
o714, F4 L, K, Mo AEEL d&a 2
o},

L _0qi
02175 i (38)
Li,z.f:%quj (39)

k[ 09: 9¢; | 9g: g,

Kis [396 ax oy (9y] (40)

Mi=q:Q:, 1, j=1~4 (41)

upabs Al (32) 3% A
g e apgqg

Akl B8 & s

[[Ks(Us)] [H]}[
(L] [K.]
B ool A AbgEle{ Al wlabaiA A2 Chent

Kobayashi7} #jolgt of-& 3t 72 4% ALE3

Ak
Srrie= mfk[ “tan” (J%l)}%

o{ 7] M, v, tholel F o AdEreld, g
2L sl w2 B Aol F
gasal ol dubHor ofRslojxE 5X107°
o8 3l A, ke bEEFAEe AYA
FHzBE cholo} aArlele] Ao o sted 4
o 2x 7 FAS Fasy] wiFod AzsE Adel
ojsted Fat HejatE-ga 4.5 MPasg] 50%¢cl i
3+ 2.25 MPa& Abg-3hoich,

Jol o5 W85 2ol
vyesﬁi% st el

AT o
55

Fig. 4(a)~(f) & 77t o2& dol&fzz 54
AHE el Aol Vie=2.6~44 mm/secs]
A5 Vae=0.14~0.2 mm/secol] ®|ale] oAby
Hol @AFAH BAstn &S 4 F Aok HY
Aele &L wew W EAE il EA
e Agdde] 28 ¢ e AHA Aw7t
F3}7] W Eoltt

(a) Vg4e=0.14 mm/sec
(¢) Vage=2.6 mm/sec
(e) Vae=238 mm/sec

(b) Vae=0.20 mm/sec

(d) Vge=3.2mm/sec

(f) Vaqe=44 mm/sec

Fig. 4 Deformation behavior of compression speci-
men after compression



HEEAHES FEAT W e F5¢ 2P RYLLHY

Fig. 5+ 344 AMae 3ALH-AHYE
BAE A tA ] WYLl hatod b 2
Yook, & Aol BASARN AAYEL 247
=L, e=ln(+e) o2 Y Holch 27l
HEgAEe] 2He AU 9 Ay §52
A77) fehed o] AgatAlet Ay B
o FEEA W LUz sl T 7}
bobrh Almel 2Ao] ofn AE AUshsAR

Pz o e j

ol

He n49de) 249902 Qs 5] F7}
e Aoz Az
Fig. 62 A356-189 4&AY Azxzys 33
$H-9dE5Ee] BANE £33 Ao log
és} logde) BAE vehd AHolth WHYELEs)
5
< I — e e
o b
Y
@ B o s 2 07x107
£ o0& = 0.0x107
e .8 i = L
5 ¢ = 1.
g = 2.
o ' v
(=4
i
0.4
True strain ¢
Fig. 5 Engineering stress-true strain curves from the
experimental results of semi-solid material
with solid fraction 0.5
£.=05 e e
£=004 - s W
)
[~
g 1¢
,...- .
°
0.1 el L L
0.001 0.01 0.1 1 10

log €
Fig. 6 Relationship between log ¢ and log ¢ for the
calculation of K and m(§=K¢g™)

3721

0.7x107%2 0.1x107' A+ E-gHol of-g3e

W& ezl AA K, mE& 78 4+ g

FESE7} vimd Z(1.3X107'~2.2X10009) ¥

Hell e e=0.04014 FE-gHo] A=) ut

2t £=0.049 w9 BAZRY K, mE T3lo

g3 AL SH-WMYESE BAAE AU,
d=Ké™(MPa) (45)
K=1.41, m=0.208

Fig. 7(a), (b)$} Fig. 8(a), (b} chol& 7} 77
0.14 mm/sec, 44mm/secd wf ¢=F AjHo =
Ag vebd Aoldh A vebd 382 algo)
SAUE & o F99) g g} mae] o
A g A2 RHoz Q] 47 s)Felch
Figs. 7, 8¢] 4% (a)¢} Figs. 7, 89 #{3w &

0)F vz 2d FAYEG AFIPZ

A4fol 4hHoz Aok AL & 4 Yok
9 S5 AE A7) S 2 APA A

Aoz Aqdwes 4 o BeE ¢ + Urh
w2k ii 7 ShgeE ch Adde AN =2

HE ¢ 4 Yok

a7

(b) Edge portion of section area
Fig. 7 Optical micrographs of semi-solid compres-
sion specimen with Vg.=0.14 mm/sec, f;=05



(b) Edge portion of section area
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Table 2 Material properties of Sn-15%Pb alloy used for calculation

Initial solid fraction f.=0.63
Stress-strain rate relationship 60=29.4 #*2[MPa]
Viscosity of the liquid 11.=2.0[cP]

Ratio of initial permeability
and viscosity of the liquid

xo/ 1 =1.02 % 10*[mm?/MPa-sec) ]

Relationship of permeability
and liquid fraction®

x=x(F+0.01)/(1~12)

Friction factor
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Fig. 12 Distribution of solid fraction according to die
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Table 3 Material properties of A356 alloy at semi-solid state

Initial solid fraction

f,=0.63

Stress-strain rate relationship

So=141 £**%[MPa]

Viscosity of the liquid“®

1. =0.107[cP]

Ratio of initial permeability
and viscosity of the liquid

xo/ 1. =9.02 X 10°[mm?/MPa-sec) ]

Relationship of permeability
and liquid fraction‘®

x=xo(f} +0.01) /(1 ~1})

Friction factor

m,=0, 0.15, 0.3
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Fig. 16 Engineering stress-true strain curve for the
experimental results and calculated results
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