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Abstract. In the paper mathematical and numerical modebinéry alloy solidification
process is proposed. The metal alloy is viewed iature of basic component and solute.
The approach basing on moving, sharp phase ineetfabiveen liquid and solid region is
introduced. Constitutional undercooling phenomeisaaken into consideration.

Introduction

The most popular approaches of solidification psscenodelling include con-
cept of two-phase zone which is located betweeunidigs and solidus isolines.
These models are usually basing on enthalpy fortioula [1-4] where motion of
the liquid phase is neglected. The more complexcamaplicated models consider
both the fluid flow and heat transfer phenomena f&jother group of solidifica-
tion models reviewed in [6] are named as micro-mwsaopic models. Interesting
approach to modelling dendritic solidification bagion equilibrium solidification
method is presented in [7].

Moving internal boundary is characteristic for &tefproblems. Mathematical
model of solidification process with sharp inteddmetween solid and liquid phase
has its origin in the Lame's and Clapeyron's wnt 1831.

The solution of the binary alloy solidification fmem with sharp interface is
based on the solution of heat conductivity and n@iffsision equations with
appropriate boundary, initial and continuity coratis. Mass and heat flux conti-
nuity conditions must be satisfied on the movinlidgitcation front. Such process
leads to instabilities appearing on the flat siefhetween solid and liquid region
[8, 9]. These phenomena are responsible for musimg Zormation. Proposed
numerical method basing on Finite Element Methd®12] allows to predict loss
of stability of moving planar front during solidifation of any binary alloy.
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1. Formulation of the problem

Sharp solidification interface separates solid kopaid subregions (Fig. 1),
I, and I; represent outer boundaries of the solidifying sagand I',_, deter-
mines location of the phase interface.

Fig. 1. Solid and liquid subregion in consideredndm

Conventional description of the solidification pess with sharp phase inter-
face is based on the conservation equations wrsigarately for liquid and solid
phase. They are supplemented by boundary, initidl @ntinuity conditions on
the solidification front. Solutions of conventiopadtated problem aren't effective
and restricted to simplified cases of solidificat{d3, 14].

Many methods using for tracking the phase interfiacdude mesh adapting.
In proposed model one set of differential equatisrsolved for whole domain and
calculations are performed on fixed grid. Jump @athand mass fluxes on the
internal boundaries are included using finite eletmeavith interior discontinuities.
Heat transport (1), mass diffusion (2) and level eguations (3) are coupled
by heat and mass continuity equations (10)-(11) godern the mathematical
model of the process.

DEﬁAjDTi)z(cp)jaaLt] (1)

whereT [K] denotes temperature,[s] - time, A [W/mK] - thermal conductivity,
¢ [K/kgK] - specific heato [kg/m’] - density, whereag represents liquid) and
solid (s) phase.

0ifp,c)= 2 @
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whereC [-] represents solute concentration, whilgm?/s] is mass diffusion coef-
ficient

99
V,|[0g + o 3)

where @ [m] is called distance function ang, [m/s] denotes velocity normal to
the solidification front calculated using followifigrmula

V,=n°w=—2y @)

o4

where Vv represents velocity vector.
Equations (1)-(3) are completed by appropriate damconditions:

T J M :Tb ’ ﬂl—I—s = (5)
i j
42 =ar. 0,2 =0 (6)
n I_2 n r2—3
oT!
A — =alT-T, 7
T, o) ()

where T, [K] is known temperature on the boundaFy, or [W/m? represents
given heat flux over boundary, n is a vector normal to the external boundary,

a [W/m’K] denotes heat transfer coefficient ahd[K] is ambient temperature.
Initial conditions are defined as follows:

T|t:o =T0’ C|t:0 :CO’ t=0 =& (9)

whereT, [K], Co [-], @ [m] are initial temperature, solute concentrataond dis-
tance function respectively.

Presented model is completed by continuity conastionl, _:

T =T =T.(c) (10)
s |
Sal -A al = pSLVn (11)
on*| on®|_
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rI—s

_DI

r| -s

wheren® denotes vector normal tb,_¢, L [J/kg] - latent heat of solidification,

T.(C) [K] - liquidus temperature an@,, Cs[-] - solute concentration in the liquid
and solid onl", _,.

2. Examples of calculation

Geometry, boundary and initial conditions of thestoay with selected nodes
are presented in Figure 2. Cooling curves were gyexpfor these points on the
basis of obtained results. Initial temperaturehef liquid Fe-C alloy with 0.55%
of carbon was 1800 K, material properties are ctedgh Table 1.
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Fig. 2. Geometry of casting, boundary and init@hditions

Table 1
Material properties of Fe-C alloy
Material property Solid phase Liquid phase
A 35 23
0 7800 6915
c 644 837
D 0 20"
L - 27010
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Calculation process during early phase after maaldring was performed with
constant time stef\t = 0.001 s. The value oAt was calculated dynamically
during solidification process.

Cooling process of the casting was modelled by Matgtboundary conditions
(Fig. 2). On the top of the casting intensity obliag was ten times lower than on
the others. The influence of initial overheatingsatidification process and super-
cooled zone was investigated.

In Figure 3a-b temperature field after 31.4 and.828are presented. Position
of solidification front is marked with dashed lin€he most intensive cooling
process can be observed along external boundaspecially near the bottom
corners and in the narrow region on the right siflehe casting. Solid phase
appears in the most right corner after one secbsalation start.
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Fig. 3. Temperature field after: a) 31.4 s, b),.828

Solute concentration field after solidification pess is presented in Figure 4a.
The zone with higher concentration of solute isated in the central part of the
casting. It starts on the top and leads down tdotitom of the casting. Concentra-
tion of carbon is also noticeable in the tapered pa the right side of the region.
Position and shape of carbon-rich zones allow &aligt impurities concentration
and formation of casting defects (i.e. shrinkagétiess).

Cooling curves for selected nodes are presentdéigare 4b. Cooling rates
near the liquidus temperature decrease due to pias®e and latent heat emis-
sion. The moment when solidification front passesrgarticular node looks like
a "step" on the cooling curve. This stage is muchengvident for slow movement
of phase interface than near the cooled boundaviesre solidification front
moves faster.
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Fig. 4. Solute concentration after end of solidifion (a), cooling curves prepared
for selected nodes (b)

Conclusions

Numerical modelling of binary alloys solidificatiggrocess with constitutional
undercooling criterion allows to predict loss ddlstity of the planar solidification
front and undercooled zone evolution. Computer agwas implemented on the
base of optimized solute segregation algorithm fasd front tracking method.
Obtained results contain temporary front positiemperature and solute distribu-
tion and allow to analyse solidification procespe®ed on particular material
and technological parameters.
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