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Reactive Two-Phase Flow Model for

Materials in the Semi-Solid State

Frederic Pineau

Aluminium Technology Center, National Research Council,

Saguenay, Canada

Abstract

Semi-solid metal alloys have a special microstructure of globular grains sus-

pended in a liquid metal matrix. This particular physical state of the matter

can be exploited to produce near-net-shape parts with improved mechanical

properties. However, the flow of solidifying metal is complex and associated

data are difficult to obtain from experiments, which complicated the under-

standing of the material for application in the casting industry. This paper

describes a reactive two-phase mixture model for semi-solid slurries, which

accounts for phase relative motion and phase conversion. It assumes that

the processing material can be regarded as a solidifying binary alloy in a

state of local equilibrium. The coupling force between the phase is derived

on the assumption that the slurry is a fluid saturated isotropic media. The

proposed methodology is implemented in a finite element code. The consti-

tutive equation is derived from a set of experimental rheological data. The

model is then used in a simple test case. The resulting flow and associated

segregation patterns obtained are encouraging. However, further numerical

experiments, to enhance the stability of the solution, as well as a thorough

validation procedure are required before the model can be used to predict

properly the real process.

Keywords: mixture formulation, semi-solid, thermal, change of phase, finite
elements



1 Introduction
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Semi-solid metal processing is being used increasingly for the production

of structural parts that require a combination of good ductility, strength

and lightness. An important advantage of this manufacturing process is

its capability to obtain a more regular mold filling sequence that limits

splashing and gas entrapment. However, the structure of the associated

"reactive mixed phase material" and its corresponding flow behavior are

extremely complicated and present some hard fluid dynamics problems.

Actually, metals in the semi-solid state are made up of partially solidi-

fied grains embedded in a continuous liquid phase. During the filling stage,

the flow of such mixture implies that the two coexisting phases move while

phase conversion takes place within the melt. Instabilities and problems

associated with the combined flow and solidification make the process diffi-

cult to predict and control. Indeed, the lower temperature and higher solid

fraction promote premature freezing of the slurry as it fills the. mold. Phase

segregation occurs inside the material and changes locally the fluid prop-

erties and phase composition. Moreover, particle shape, size and state of

agglomeration as well as history of those "particles" throughout the process
affect the flow.

Many problems encountered in the semi-solid metal industry motivate the

need to better understand the particular constitutive behavior of the mate-

rial. Experimental measurements for such partially molten material flows

are difficult to perform because of the extreme conditions of temperature

and pressure. In these circumstances, numerical models can be very useful

to improve one's understanding on some aspects of the flow mechanisms.

Ideally, the problem should be tackled from the microscopic point of view

but, the latter approach is by far too complex for industrial applications.

Nowadays, continuum theories governing the bulk motion and evolution of

an alloy in a state of mixed liquid and solid phase state provide the only

viable means of analysis in an engineering context. Even so, the problem
remains extremely difficult.

Most of the existing models for mixed phase region are based on mixture

theory in which the governing equations are written for binary alloys. These

theories have been applied similarly to a slurry, for which the two phase

region consists of particles in suspension (e.g. Hills & Roberts [1], Loper

& Roberts [2],[3], Loper [4] ) as well as to a mush, where the solid phase

consists of loosely connected masses of crystal through which liquid can

percolate (e.g. Hills & Roberts [1], Hills et al. [5], Hills & Roberts [6], [7],

Jackson & Cheadle [8] ). In general, such fast moving mixtures are not in



thermodynamic equilibrium and the rate at which the solid phase melts or

freezes as well as the rate at which constituents enter into one of the phases

must be included (e.g. Hills & Roberts [1],Loper [4] ). But, the specification

of those rates still represents one of the most difficult aspect of solidification
theories.

In this work, "a practical" reactive thermal mixture model for two-phase

slurries is considered. It assumes that the solid grains in the mixture are

very small so that local phase equilibrium is established rapidly compared

with the rate at which the mixed phase region evolves (e.g. the fast melting

approximation of Loper and Roberts [5] ). In these conditions, all diffusion
processes are instantaneous and the liquid and solid concentrations lie on

the phase curve (e.g. Hills & Roberts [1] ).
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2 Model formulation

The semi-solid slurry is a very dense mixture of liquid and solid grains with

strong coupling between the phases. The associated phase transformation

process is very complex (multiple interfaces, grain coarsening/melting, crys-

tallization from new nucleation sites). In the proposed formulation, the solid
phase movement is represented by a transport equation for a specie with a

source term for phase conversion. To calculate the interaction force between

the phases, the portion of the continuum that represents the solid mass

is assumed to be composed of constant diameter spherical particles that

keep their shape even if they gain or loss mass. The calculated solid frac-

tion must however be less than the maximum packing value Mp. For now,
this model is viewed as a base model on which more sophisticated features

will be included latter i.e., solid packing effects, history of the particles and
thixotropy.

2.1 Mixtlll'e flow equations

The isothermal mixture flow model presented in reference (Pineau [9])is fur-
thered developed to account for non-isothermal effects. The Navier-Stokes

equations are applied to both the liquid and solid phases, with the solid

treated as a pseudo-fluid. The final forms of the flow equations are repro-

duced here for completeness.

The mixture mass balance and momentum equations are respectively

given by:

'" -0UPm+ V . Urn-
f)t

(1)



TDm = -Pm [asUmsUms + (1- as)UmIUmc] (3)
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a
at (Pmum)+ 'V. (Pmumum) = -'Vpm + 'V. Tm + 'V. TDm (2)

where TDm is a diffusion stress, which represents the momentum convected

by the relative motion between the liquid and solid phases:

with as being the solid phase volume fraction.

The diffusion velocities Ums and Uml are respectively given by (e.g. Man-

ninen & Taivassalo [10)):

Ums = (1- as) (us - uz)

Uml = -as (us - UI)

(4)

(5)

where the term (us - uz) represents the relative velocity between the phases.

2.2 Conservation equation for the solid phase

The local instantaneous volume fraction of the solid phase is obtained from

the solid phase continuity equation in term of the mixture variables (e.g

Pineau [9] ):

a
at (psas) + 'V. (psas (um + ums)] = Psfs

(6)

where fs is the rate of solid phase production. Note that fs = -fl, the rate

of liquid phase production.

2.3 Interaction between the phases

For semi-solid metal applications, the slurry is viewed as a fluid saturated

isotropic porous media. The phase interaction term, (e.g. Pineau [9] ), that

appears in the momentum equations of each phase, is given by:

alJ.L1

MI = Ms = PI'Val+ J{ (us - uz) (7)

where J{ is the permeability of the porous media obtained from the Carman-

Kozeny relation:
d2 (1 - a3 )

J{ - p s
- 2

180 (as)

where dp is the particle diameter. In eqn (7), al is the liquid phase vol-

ume fraction and PI is the liquid phase pressure, (= Ps = Pm which are
respectively the solid phase and mixture pressures).

(8)
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Eqn (7) is then substituted in the liquid phase momentum equation to

give (e.g. Pineau [9] ):

8 ~~

8t (a/p/u/) + V 0 (a/p/u/ut) = -a/Vp/ + V. am + K (us - ut) (9)

For semi-solid slurries, the volume solid fraction is high, (0.4 and up),

and strong pressure gradients are expected. Consequently, relative velocities

between the phases are assumed to depend mainly on the pressure gradients

and all the other terms in eqn (9) are neglected:

K
(us - ut) = -VPm

p/

Finally, the mixture viscosity Pm is given by a Cross model (e.g. Pineau

[9] ) 0

(10)

2.4 Conservation of energy for the mixture

In the same way, the statement of energy conservation for the mixture is

obtained by summing the energy equations for each phase, which gives after

decomposition ofthe advective terms and some algebraic manipulations (e.g.

Bennon & Incropera [11]):

8

8t (Pmhm)+PmumV. hm- V. (kmVT) - V. [Pmasums(h/ - hs)] = 0 (11)

where the mixture enthalpy hm is given by:

Pmhm = psashs + (1- as) p/h/

hs = CpT + ho

hi = CpT + ho + L

(12)

(13)

(14)

Land ho are respectively the latent heat of fusion and a reference enthalpy.

Substituting eqn (12-14) in eqn (11) and rearranging, the mixture energy

equation in term of the temperature is obtained:

[

8T

] [

8as

]PmCp {jt+umoVT -PmL 7ft+UmoVas

- V . (km VT) - V . [PmasumsL] = 0 (15)

In eqn (15), phase change effects are accounted for by the second term in

brackets while the last term represents the energy transport due to the

relative motion between the phases.
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2.5 Rate of phase change and phase composition

To close the system of conservation equations, the rate of phase change in

eqn (6) as well as the composition of each phase must be specified.

In order to derive the rate of phase change term, the slurry is regarded

as a binary alloy. The rates of production of one constituent, (say 13),in the

solid and liquid phases are respectively given by (e.g. Hills & Roberts [1] ):

fJ S
s PtJ + " s s

mtJ = 7ft v. PtJvtJ

1 fJp~ 1 1

mtJ = 7ft + \1 . PtJvtJ

(16)

(17)

where P~ is the partial density of constituent 13 in phase k:

k - k
PtJ = Pm,pk~ ,k = l, S (18)

with ~k being the mass fraction of constituent 13 in phase k and, ,pk, the

mass fraction of phase k:

,pk = QkPk

I:k QkPk

The specification of these rates, (eqns 16 and 17), is very challenging but, by

using the fast-melting approximation of Loper & Roberts [2], this difficulty

is avoided (e.g. Hills & Roberts [1] ).

Mass conservation of constituent 13 in the liquid-solid system yields:

(19)

s I
0mtJ+mtJ =

Eqns (16) and (17) are substituted in eqn (20) to give:

(20)

-m

D~ = - \1 . i
Pml5t (21)

where ~m denotes the mass fraction of constituent 13of the mixture:

-m -8 -I

~ = ,pS~ + (1 - ,ps)~ (22)

Inserting eqn (22) in eqn (21) gives (e.g. Hills & Roberts [1] ):

- s -I

(
- s - I

)
D,ps D~ D~.

Pm ~ - ~ Dt + Pm,pSDt + Pm (1 - ,ps) Dt = \1 . I

where i is a diffusion flux given by:

(23)



. d,7:.
(

. .
) ( )

- i

(
I I

)1 = Pm'!'..., VI3- V + Pm 1 - rp. ~ vl3 - V

+ Pmrp.(1- rp.) (~. - ~ I) (vi - v') (24)

For semi-solid metal processing, the first term is dropped since diffusion in

the solid is considered negligible during the time of injection. The mixing

in the liquid phase is supposed to be strong enough to have v~ close to vi.
Consequently, the second term is also dropped.Substituting eqn (4) in the

third term of eqn (24) yields:

.
(
-. -I

)1= - Pmrps ~ - ~ Urns (25)

Now, the mass concentrations ~I and ~s must be specified. Since the solid

particles embedded in the liquid metal are very small, the time-scales of

melting or freezing processes are supposed to be short compared with those

associated with the motion of the slurry. Consequently, phase compositions

are fixed by the requirement of local thermodynamic equilibrium:

~. =C(p,T), ~I =e(p,T) (26)

Next, the curvature of the solidus and liquidus are approximated as straight

lines and the equilibrium partition ratio ko is used to relate the phase com-

positions (e.g. Bennon & Incropera [11] ):

~ s (T) = ko~ i (T) (27)

Finally, the mass fraction field <Psin eqn (23) remains as the only unknown

concentration to be solved. Substituting eqns (19), (25),(27) in eqn (23)
and assuming that P. = PI = Pm, the following conservation equation is

obtained for the volume fraction of solid as:

oas

7ft + (um+ urns). 'Vas = fs
(28)

with

f. = 1- a. (1 - ko)
[

at + Urn' 'Vt
]~I (1- ko) at

which has exactly the form of eqn (6).

(29)
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Table 1: Calculation parameters

Physically, the rate of solid phase change is governed by the rate at which

the phases experience changing thermodynamic conditions either because

conditions throughout the mixture are changing temporally or because phases

are migrating through conditions that vary spatially. In eqn (29), this is

reflected by the change of constituent composition ~l in the system which

is dictated by a local equilibrium assumption. This approach is very similar

to the one used by Jackson & Cheadle [8].

Note that when there is no flow, eqn (28) reduces to the standard equi-

librium relation between the solid fraction and the phase composition.

2.6 Front tracking approach

A level set technique is employed to capture the position of the flow front

(e.g Ilinca & Hetu [12] ). The pseudo-concentration function is convected

using the mixture velocity provided by the solution of the Navier-Stokes

equations.

3 Calculations

The proposed formulation has been implemented in the finite element code

for mold filling applications developed at the Industrial Material Institute

(e.g. Ilinca & Hetu [12]). Calculations are performed on an Origin 2000 using

six processors MIPS R10000 at 195 MHz, working in parallel. The cylindrical

cavity, which consist of 25990 nodes and 135609 tetrahedron elements, is

depicted in Figure (1) with associated velocity boundary conditions. The

slurry enters the cavity from the left at a temperature of 864 K, (which

corresponds to an equilibrium solid fraction of 0.4). Heat is lost through

the walls by convection (h=1000 W/s and Too=400 K) as the metal fills

the mold. The materials properties employed are shown in Table (1). Some

sequences of the mold filling are presented in Figure (2). The volume solid

p= 2680 kgJm3 L = 389000 J Jkg ko= 0.286

f.1l=0.01 Pa.s dp = 0.001 m Mp = 0.65

7} = 888.15 K Ts= 828.15 K Tm = 936 K

Cp = 1100 J J(kg.K) ks = 197.5 WJm.K kl = 89.6 W/m.K
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Figure 1: Computational domain

fraction as distributions are presented on the left where the grey spectrum

goes from as= 0.3 (black) to 0.55 (white). The corresponding temperature

distributions are given on the right where the coldest regions are represented

by the darker colors. It is shown that the liquid is repelled in the direction

of the free surface (at the front). Near the wall, the solid fraction increases
because of the decrease in temperature due to heat loss. The solid" created"
is then convected downstream and contribute to increase the solid fraction

in the boundary layer near the wall. Due to the very high non-linearities,
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(a) solid fraction (b) temperature

Figure 2: Solid volume fraction and temperature on the middle plane

convergence of the solution appears difficult. Some studies are required to

understand these physical or numerical instabilities.

4 Conclusions

A mixture formulation for the flow of solid-liquid mixtures using a multi-

phase constitutive model and temperature effects has been presented, The

model has been implemented in a finite element code, Preliminary results

are encouraging and show that the model reproduces at least qualitatively

some aspects of the complex flow, However, further numerical experiments



and complete material characterization are required for truly predictive sim-

ulation capabilities.
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