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Abstract: The cooling channel process is a rehocasting method by which the prematerial with globular microstruc-

ture can be produced to fit the thixocasting process. A three phase model based on volume averaging approach is

proposed to simulate the cooling channel process of A356 Aluminum alloy. The three phases are liquid, solid and air

respectively and treated as separated and interacting continua, sharing a single pressure field. The mass, momen-

tum, enthalpy transport equations for each phase are solved. The developed model can predict the evolution of liq-

uid, solid and air fraction as well as the distribution of grain density and grain size. The effect of pouring tempera-

ture on the grain density, grain size and solid fraction is analyzed in detail.
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1 INTRODUCTION

In spite of a lot of advantages of the thixocast-
ing process, the transformation to industrial pro-
duction has still only happened in individual cases
yet. This market caution is highly affected by the
divided production of prematerial by continuous
casting with electromagnetic stirring and the rehea-
ting process of the thixo-material. This way of
production is known as low-cost method to produce
high quality castings. Characteristic of the rheoca-
sting process is that the globular microstructure is
attained in one step process with a direct connec
tion to the die casting machine. The reheating
process of solid billets is not necessary. The over-
all costs and especially the energy consumption are
lower than in the

1,
process!

conventional thixocasting
?. The cooling channel technique is one
methods for the

process, which is schematically shown in Fig. 1.

of the popular rheocasting
Liquid metal with only a slight superheating is
poured over an inclined cooling channel. By this
way, the liquid melt falls quickly into the semrsol-
id area and consequently nucleates. The newly de
veloped grains get sheared and come into the con-
tainer because of the flow over the declined chan-
nel. An important aspect for the success of the
process is the pouring temperature. The experi
ments show that the best results could be achieved
by pouring temperatures 10 ~ 15 K over the liquidus
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temperature. After the termination of the pouring,
the cooling process to semrsolid temperature is in-
fluenced by the isolation of the ceramic coated con-
tainer through a decelerated cooling. A globular
microstructure is finally attained. The semrsolid
billet is then transferred to the forming unit direct-
Iy'> .

In recent years, a lot of researchers focused on
modeling the semisolid processes. Wu et al'® de-
veloped a shape determination model for grain
growth using solidification velocity and flow speed
of the liquid as variations of affecting the shape of
crystals. Modigell and Koke'”' modeled the rehoca-
sting and thixocasting processes. In the model, the
semrsolid alloy is regarded as a homogeneous ma-
terial with thixotropic properties and the micro-
structure is characterized by a structural parame
ter. The model consists of two parts: the equation
of state, including a finite yield stress, and a rate
equation for the structural parameter. A new gen-
eral nomisothermal rheological model of metal al-
loys in the thixoforming processes has been de
rived®. The model uses the two-phase approach
to flow description with two momentum conserva-
tion equations buckled by common pressure and in-
terface drag force. The thixotropy phenomena oc
curring in the globular structure of the alloy, is
modelled by means of an extra kinetic equation de-
scribing agglomeration degree. In particular, an
encouraging multiphase / multiscale volume avera
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Fig. 1 Schematic diagram of cooling channel process

Cooling channel

[1]

(a) —Source material of A356 alloy; (b) —Decelerated cooling in ceramic mold;

(¢) —Casting over cooling channel into ceramic mold

ging model was developed by Beckermann s
group'” ' and further modified to study the globu-
lar equiaxed solidification by Ludwig and Wu''"™"'.
In this paper, we apply Ludwig-Wu's model to
simulate the cooling channel process with consider-
ing three phases of liquid, solid and air. The mod-
eling of momentum and enthalpy interactions be-
tween air and liquid or solid can be found in Ref
[ 16] for the details. This model considers the nu-
cleation law and growth kinetics, and has strong a-
bility to study melt convection and grain movement
phenomena in solidification. Here, we focus on
simulating the evolution of liquid, solid and air
fraction, the distribution of grain density, grain
size. The effect of pouring temperature on the dis-
tribution of grain density, grain size and solid frac
tion is studied.

2 MODEL DESCRIPTION

There are totally three phases involved in the
the liquid
melt, the solidifying grains and the rest air. We

cooling channel semrsolid process:

employ volume averaging approach to formulate
the conservation equations of mass, momentum,
species, and enthalpy for the three phases.

M ass:
Lirp)s Ve (fBu)= M I
at(fq )+ (fBus)= My, (D
3
2 =1 (2)
-
where ¢ and p denote the phases of liquid (= 1),

solid (= 2) and air (= 3). Note that the air has no

mass transfer with other phases, therefore M,, is
zero in case of ¢g= 3.
Momentum:

Lif P+ 9+ (1P, Ou) =

- fqVp+ v'fl'*'fqpqg"'U@ (3)
where
Te= Wiy o[ VOu+ ( v®uq)T]
Species:
il i _
at(fqquP) + VvV (fqgvuch )=
Ve (fqquq ch) + Cp (4)

Note that the species calculation for the third
phase of air should be omitted since there is no
species mass transfer within the air phase.

Enthalpy:

L Phe) + 9+ (f Pk )=
V(L ke IT) O (5

where
4 rel
hp = ‘r Cp(q) dT+ hqf
T et
Grain Transport:

'%n+ V(ur*n)= N (6)

where f is the volume fraction, u is the velocity
vector, ¢ is the mass fraction of species, h is the
enthalpy and T is the temperature, n is the grain
density, g is the gravity vector, p is the pressure,
Tis strain tensor, His viscosity, Pis the density, k
is the thermal conductivity, ¢, is specific heat, M
is a source term representing the mass transfer be-
tween liquid and solid, N is a source term repre-
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senting the grain nucleation rate, U, C and Q are
the source terms caused by a mechanical or thermal
interaction and a phase change. All the physical
parameters appearing in the conservation equations
above follow the concept of “volume average”.

k[ 11716] fOI'

Please refer to our previous wor
more details of the descriptions of the nucleation,
growth kinetics and mass transfer rate definition,
solute partitioning at liquid-solid interface, mo-
mentum and enthalpy transfer among the phases of
liquid, solid and air.

The conservation equations( Eqns. (1) 7(6))
are numerically solved by using a fully implicit and

controFvolume-based finite difference method. A

CFD software FLUENT (Ver. 6.1) is used here.
3 RESULTS AND DISCUSSION

The developed model was used to simulate the
cooling channel process. Fig. 2 shows the numeri-
cal geometry and the predefined A —A" section in
cooling channel and left, center, right, top, bot-
tom sections in container. The pouring way was
treated as a velocity inlet with 0. 25 m/s. The open
top of cooling channel was treated as pressure inlet
with standard atmosphere pressure 10° Pa. Two
cases with different pouring temperature were sim-
ulated and compared. One is 625 C with superheat
of 12 C, and another one is 645 C with superheat
of 32, 'C.

Velocity inlet

Pressure inlet

T
Left Center Right

Containter

Fig. 2 Numerical model of cooling channel process

Fig. 3 shows the curve of grain size in A —A’
section after pouring 1. 1 s. For both cases, the
curves appear wavy and the maximum of grain den-
sity occurs in the position where the hot melt first-
ly contacts the cooling channel. The differences
are, the curve in case of superheat 12 C is higher
and also “slower” (more left) than that in case of
superheat of 32 C. The similar phenomena can be
also found in the curves of grain size (see Fig. 4)
and solid fraction ( see Fig.5). The only difference
is that the maximums of grain size and solid frac
tion occur in the front of flow but not at the begin-
ning of cooling channel as the case of grain densi-
ty. The hot melt is pouring into the cooling chan-
nel. A lot of nuclei are then generated while melt
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Fig. 3 Profile of grain density in A —A’ section
of cooling channel
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Fig. 4 Profile of grain size in A —A’ section
of cooling channel
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Fig.5 Profile of solid fraction in A —A" section
of cooling channel

contacts the cooling channel due to the sudden
chilling. This is the reason why the maximum
grain density occurs there. The nuclei are scoured
towards the flow front around the cooling channel
by the fresh pouring melt frequently. After leaving
the hot pouring part, the nuclei start to grow as
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big grains and finally get together in the flow front
forming the maximum grain size and solid fraction
there. The curves of grain density, grain size and
solid fraction look like wave due to the periodic
process: pouring —nucleation —growth —flow —
pouring. Lower superheat means higher under
cooling and higher under-cooling means higher nu-
cleation and growth rates. Therefore all the curves
in case of superheat of 12 C are higher than those
in case of superheat of 32 C. However, higher solid
fraction produces much more hindering force to the
flow and hence the curve of superheat of 12 C looks
“slower” (more left) than that of another case.

After 2.87s, the pouring was stopped and
then the melt was kept in container for 12.34s.
The corresponding grain density profiles in differ-
ent sections are shown in Fig. 6. It is noted that
the grain density is decreased from the left side to
the right side and increased from the bottom to the
top within the container. The distribution of grain
size shown in Fig. 7 is similar to that of solid frac
tion shown in Fig. 8 but opposite to that of grain
density. In this sense, the grain size plays a domi-

nate role on the solid fraction. From all the
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curves, relatively smooth distributions are found in
the middle but some differences in the four sides
within the container. Particularly, the difference is
big between the bottom and the top. The differ-
ence of grain size is around 60 Hm between the bot-
tom and the top and around 30 Hm between the
right and the left. The difference of solid fraction
is around 0.5 between the bottom and the top and
around 0. 2 between the right and the left. The
differences are mainly caused by the temperature
gradient and the convection pattern which can be
simulated by the presented model perfectly.

Fig. 9 shows the results of each phase frac
tion, grain diameter and temperature after pouring
2.2s. The large grain size and high solid fraction
can be obviously found in the right-bottom corner.
The air is squeezed out by the incoming granular
flow. The melt stream ( characterized by liquid
fraction) becomes more and more narrow from the
pouring position to the end of cooling channel.
However the solid stream ( characterized by solid
fraction and grain size) is the opposite. As dis

cussed above, nucleation occurs in the po-
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Fig.7 Profile of grain size in container
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Fig. 9 Simulated results of liquid fraction f:(a),
solid fraction f,(b), air fraction f.(c),
grain size d(d), and temperature T (e)

uring position by sudden chilling. And then they
are pushed by the new pouring melt towards the

end of cooling channel and get together there.
From the temperature distribution, a hot zone is
seen around the pouring position. This means that
the formed nuclei can hardly survive there if they
are not put forward to the flow front gradually.

4 CONCLUSIONS

1) A three phase model based on volume aver
aging approach is developed. It is applied to the
cooling channel process.

2) The process in case of pouring temperature
12 C produces higher grain density and solid frac
tion as compared with the case of pouring tempera-
ture 32 C in the cooling channel part. However
the flow in the former case is slower than that in
the latter case because the higher solid fraction
leads to a larger hindering force to the flow.

3) The grain size and solid fraction have simi-
lar distribution which is almost opposite to that of
grain density. Relatively smooth distributions of
grain density, grain size and solid fraction are
found in the middle but some differences in the
four sides ( especially between the top and bottom)
within the container.

4) Large solid fraction is found in the front of
flow within the cooling channel. A little solid frac-
tion and very high grain density are found in the
pouring position.
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