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Introduction
Partial melts in alloys
= During solidification

= During partial melting Partition ratio
T ko = Cs/CL
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Main parameter = volume fraction of solid fs
& Equilibrium: lever rule fs = (C -Co)/(C -Cs)

= No solid diffusion: Scheil equation Cs = ko.Co (1-fs) (e-D)

Other parameters for the solid

Size

Morphology

Solid-liquid interface area
Connectivity of the solid particles
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Generally
For semi-solid alloys at low solid fractions (suspensions),

shear viscosity is used to characterise the behaviour which
is assumed to be homogeneous (no phase separation)

Viscosity = F (liquid viscosity, shear rate, time, solid characteristics)

Higher solid fractions
segregation phenomena can occur

—> Two-phase viscoplastic models

Very high solid fractions
No liquid flow — Porous solid with liquid pockets or films
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Two main situations:

Forming in the semi-solid state = { - globular structures
-0.2<fs<0.6

% Suspension models usually sufficient

% Two-phase models at high solid fractions for prediction
of phase separation (sponge effect)

Conventional solidification = { - dendritic structures
-0<fs<1

% Suspension models are of no use

= Two-phase models are required for prediction of defects (
segregation, pores, hot tears...)
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Phenomenology of the behaviour of globular structures

Effect of solid fraction
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Effect of shear rate: shear thinning behaviour
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In addition, strong influence of time on viscosity (or shear stress)

30— ) r T k T

20 . O 216 s-1
A356. | - @ 108s-1
“ o 1 oObH4s-1
| ~ 590°C, fs=0.35
290°C. 1°0.3 m27s-1

10

Apparent viscosity, Pa.s

Time, min

= thixotropy interpreted by agglomeration and deagglomeration
phenomena of globules which depend on time and shear rate

A 12 I|”||
i e ’ CENTRE NATIONAL
— | e ' ”"I“ % DE LA RECHERCHE
- SCIENTIFIQUE
INP ﬂﬁra@é’aﬂﬁsﬁw --

GPM?



Marie Curie Summer School on Knowledge Based Materials: Partially Molten and Amorphous Materials
Estremoz, Portugal, 20-30 August 2007

Sheor rote

M

Shear stress
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immediately: fast process: slow process:
~ isostructure deagglomeration coarsening of fragments,
AT spheroidization

immediately: fast process: slow process:

isostructure agglomeration coarsening of agglomerate,

increase of nigidity
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Effect of rest time

1.0 _
=115 Sn-_15%Pb
fs = 0.45 |
tu =28
te = 30 min

t = rest time

—+
]

time required to

increase the shear
rate to its max. value

Shear stress, kPa
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Effect of shape factor F=1/6mtf.(S,2N,)

Usual definition
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Effect of entrapped liquid

Semi-solid structures obtained by partial remelting

Liquid entrapped inside
the solid phase which does
not participate to the
deformation

Apparent solid fraction larger
than the real one
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Effect of solid connectivity

Solid connectivity defined by the contiguity parameter

Ass = contact area between

Cs = 2Ass/(2Ass + Asl) solid particles
Asl = interface area between

solid and liquid
Contiguity volume = Cs.fs

For homogeneous deformation under low stresses (AA 6082)

Cs.fs < 0.30 Gullo, Steinhoff, Uggowitzer
S2P06, Torino, 2000
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Phenomenology of the behaviour of dendritic structures

T3 Tcoh Tcoal T

8s=

\4

solidification
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= Between TL and Tcoh: solid dendrites are free to move

— Similar behaviour as globular structures at low fs
—+  Low viscosity
= Beyond Tcoh: dendrites start to interact

—  Shear strength
becomes non negligible

Ex: shear strength measured with a vane rheometer

A.K. Dahle, L. Arnberg
Acta Mater. 1997
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development during solidification ;) Strength development during solidification

@ 7 of grain refined AISiTMg alloys. of grain refined AISi11Mg alloys.
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(c) Strength development during solidification

of grain refined AlCu4 alloys.
55 3 6 i T% l { | {
Ty 50‘-‘; 0% + +—

45_§ o) 0.05% Ti
= 903 + fscoh ~ 15 to 20 % for
g gg' dendritic structures
-% 253 » grain refinement increases
g 20 fscoh
=153

10 =

53
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# Around Tcoal : tensile stresses become important
but liquid films are still present

I Tcoh Tcoal T

g=1

\ 4
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Shear deformation
Imposed

1T displacement

- 3 . Alloy during
Solidification
Inner
cylinder

Container
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Isothermal tests after partial solidification

Al-2%Cu
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Tests during solidification

Al - 2%Cu
3
-20°/min 1.4 10-3s-1
o o £:=0.35
_ 251 -5°/min 1.8 10*%s \
©
T il ~ o IR e [T BT o
=
Temperature =
b 2 -
(/2]
[72]
o
o 15
Strain rate .g
=
[
TS ____________________________________ \ g 1 T
: 0.5 -
time
0 I L T T T \ \ \
0.65 0.7 0.75 0.8 0.85 0.9 0.95
/ Volume fraction of solid, fs
/-—'/—" % DE LA RECHERCHE

INP Grenﬂ bie



Marie Curie Summer School on Knowledge Based Materials: Partially Molten and Amorphous Materials
Estremoz, Portugal, 20-30 August 2007

Tensile deformation Stress or
] strain rate

Grip
}/ Specimen
) Thermocouple

v I _ .
nduction coil
\D* =4 S/ Melted zone

Water cooling g|f

=t , Graphite or

— = ceramic mould
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Coalescence
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Effect of Ba
addition
(300 ppm)

Coalescence
is delayed because
Ba lowers v,
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Fracture surfaces

CENTRE NATIONAL
DE LA RECHERCHE
SCIENTIFIQUE

INP Greno bie



Marie Curie Summer School on Knowledge Based Materials: Partially Molten and Amorphous Materials
Estremoz, Portugal, 20-30 August 2007

Other results in terms of ductility

ZFRELtaiil o S “NEah
: —0-6056 10-2s-1
0,35 —=-6056 10-3s-1 *
03 g ——2%Si 10-1s-1 ,
€
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£ 02¢ :
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Modelling

Suspension models

- Very low solid fractions: Einstein law

n=n (1+25fs)

- Higher solid fractions: interaction between solid globules

s -250 Krieger & Dougherty eq.
n T nL (1 3 q)eff/ cDM) M Trans. Soc. Rheol. 1959

deff = effective solid fraction taking into account
entrapped liquid

®,, = maximum packing fraction of the solid
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Influence of shear rate

Shear St P
'y ress (Pa) erschel-Bulkley

Bingham

n= 1 \
Newtonian

Shear Thinning
y —— T=k ’Y

h>1
Shear Thickening )

T
y
Shear Rate (s”)
}
L ) L
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’70 oo
Cross model ="Moo ¥ T T om F
9 ®  Lax & Flem (Fs=0.5) (68)
g J . Fraction solid at 0.5 X Turng & Wang (Fs=0.5) {69]
M Fraction Solid at 0.36 ¢ McLelland (Fs=0.5) [70]
7 A Liu(Fs=0.5) [71]
6 Cross Model at Fs=0.5 [67)]
_ X Laxmanan (Fs=0.36) [68]
E 59 +  Tumg & Wang (Fs=0.36) [69]
:é. .- - McLelland (Fs=0.36) [70)
—  Liu (Fs=0.36) [71]
S 31 o NN e Cross Model (Fs=0.36) [67]
& 5 X Lax & Flem (Fs=0.3) [68]
3 *  Liu (Fs=0.3) [71]
1+ e v v Cross Model at Fs=0.3 [67]
0- B Lax & Flem (Fs=0.2) [68]
¢ A Turng & Wang (Fs=0.2) [69]
-1 He - 1] ©  McLelland (Fs=0.2) [70)
2 —_— e —————— ©  Lin (Fs=0.2) [71]
o6 5 4 -3 2 1 0 1 2 3 4 Cross Model at Fs=(.2 [67]
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Models incorporating a structural parameter

n=ns,7,»

1 for a completely built
structure

\ O for a completely broken
down structure

A = structural parameter

di b g
ThE a(l — 1) cAy
Build-up Breakdown
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Micro-macro modelling approach V. Favier & al.

Int. J. Forming
Processes, 2004

Interglobular
liquid

Solid
contacts

inclusion

fs, depends on
pEer shear rate and
SO QR solid fraction

(active zone)
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Two-phase models

Basic assumptions :

- partition of stress into two parts:
— deviatoric part of the macroscopic stress assumed to be

carried exclusively by the skeleton of solid grains

— hydrostatic part, which is partially carried by the solid
and partially by the liquid phase.

Szr=8-6p,1 or SEFF=S_(1“fS)PL1

- solid skeleton considered as a porous medium

- liquid flow described by Darcy's law
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Solid skeleton

__oP
OZ EFF

DP

For the dense solid

For the porous solid

Zyr®D
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0 =32 Ztpr - Zhpr

®=0(0,,0,) | Zkrr=Zprr— 041

| 0, = (Zgpp)/ 3

. n+l1
D :8000 oe
I n+1| o,
é n+l
0
= (n+1)0-" F(O‘e,dh,fL,C,n,...)
0

P — (1--fL )o.eqéeq where éeq =é0(o-eq/60)n
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Centered ellipse

2 2
F(6,,6,,f,.n)=y 402+ Bo>

Al and B1 depend
O, on fs
fo F=f,=const
Th Jo
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Non centered ellipse

F(Ge’chst)z 'JACGeZ + B, (o-h +PC)2

Tension -~ compression

O'eA

F=fo=const
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Thixotropic non centered ellipse

F=fy=const

7
N 2

Fully cohesive state
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Experiments to be carried for identification

A a’e
Pure shear
Couette rheometry
/ Drained
Oedométric
Compression
Tension
0
o,
/
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Liquid flow

K
Darcy's law fLve = “L’ (Vb —pL8)

K: permeability tensor (anisotropic in the general case)

R
180 (1- 1)

Isotropic permeability: Carman-Kozeny

d. = average grain size for equiaxed microstructures
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Modelling at very high solid fractions
= Between Tcoal and Ts: liquid flow no longer possible (liquid pockets)
= viscoplastic deformation of a porous solid saturated with

liquid

However, presence of liquid induces a partial cohesion of
the solid which is evolving during deformation
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gz <1

Porous alloy
saturated
with liquid

g,<1,C<1

Alloy with
Partial
cohesion

01 0.2zt

8~1
Solid alloy at
high
temperature
0
01 o2t
/[
/
T
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[ Cs, ] D 3 2 i
dC ¥ ( ) E & E . (= solid cohesion
e U8 nl - * e
dt i E C g X) T X = stress triaxiality
L s’ 1

C™* = cohesion at saturation
a (g, X) and C* (g, X) must be determined experimentally

£ evolves with solidification and strain
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Example: Al-2%Cu during shear

g
i 2 gs%

0 (g, X=0]=0a,+0a,

C'lg,, Xz0)51-(1- g |{

Q,=4.45 a,=1.07.107? p=0.11
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Another approach = granular model for equiaxed mushy zones (2D)
Vernede et al. Acta Mat. 2006

—— Prediction of the various solid transitions

T[°C]
680

660 f=-0.1 K/s Ysi=0.1 }/m?_]

€40

Grain contact

Liquid isolation
Percolation by contact
Percolation by bridging

liquidus
620

600
580 |-
660 |-
540

1 %X+

520

500
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—  Analysis of liquid flow = permeability

gs=0.985

VA
/A /]
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Permeability

100

—
v —

| 1e04}

Normalised permeability K&f
l—l. ol
) ) h [ |
S ® 8

Carman kozeny relationghip S

L parmeabiliity for the smooth graing model  +
parmeabliity for the edgy grains model  x

T
e V)
+"‘+ .
%
*y,

+

(1 -g,)

2
kS, = 593

H
0.84

'“75':?; le-06 |
1e-08 ; Z
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Solid fraction gs
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Conclusion

» Rheological behaviour of partial melts is complex
- effect of strain rate
- effect of solid fraction (suspension, f_.,, f..,)

- effect of time and strain
- effect of stress state

» Modelling is also necessarily complex

» Tdentification of models is difficult
- Partial remelting/solidification
- High temperature
- Several types of tests
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Thank you for your attention

Questions?




