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ABSTRACT The prediction of the macrosegregation in large ingot is a challenging issue due to the size of the
ingots and the variety of the phenomena to be accounted for, such as thermal-solutal convection of the liquid,
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equiaxed grain motion, evolution of grain morphology by suitably considering a coupled grain growth model in the
macroscopic solidification model, the columnar-to-equiaxed transition (CET), and shrinkage, etc.. Each of these
phenomena is very important to the solidification pattern, while it is impossible for one model to consider all the
phenomena together until now due to the computation power limited. Thus, the model capability and computational
cost should be counterpoised for the simulation of large ingot. In this work, a mixed three-phase (simplified dendrit-
ic-equiaxed, columnar and liquid) solidification model is described based on Eulerian-Eulerian approach and vol-
ume average method. The model considers the thermosolutal buoyancy flow, the movement of equiaxed crystal,
and the capture of the equiaxed crystals by growing columnar tree trunks. The mechanical interaction and impinge-
ment between columnar and equiaxed crystals are considered which give the capability to predict CET. In order to
enhance the model capability without increasing the computational cost significantly, a simplified method is pro-
posed to consider the dendritic of equiaxed crystal. This model is employed to simulate the formation process of
macrosegregation for two different steel ingots (3.25 and 25 t). The general macrosegregation pattern predicted by
this model includes the cone of negative segregation in the bottom of ingot, quasi-A-segregation in the columnar
zone, and positive segregation in the top region, which are quite similar to the classic knowledge. The CET zones
are also predicted. Although there is still some quantitative discrepancy, the macrosegregation distribution predict-
ed by this model is quite similar to the experimental measurements. The non-globular equiaxed three-phase mixed
model results are compared with the globular-equiaxed mixed three-phase model ones, which indicated that for
large ingots the equiaxed dendritic structure plays an important role in liquid flow and it affects final characteristic
of macrosegregation. It is predicted successfully that a negative segregation zone would be formed in the upper re-
gion due to the formation of a local mini-ingot and the subsequent sedimentation and piling up of equiaxed grains

within the mini-ingot.

KEY WORDS numerical simulation, macrosegregation, steel ingot, grain movement, CET
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Table 1 Thermodynamic and physical properties of model for 3.25 t steel ingot

Property Symbol Unit Value
Melting point of pure iron T K 1805.15
Liquidus slope m K-%" -80.45
Equilibrium partition coefficient - 0.36
Reference density y Py P kg-m™® 6990
Solid-liquid density difference Ap kg-m™® 150
Specific heat L Chy J-kgt-K* 500
Thermal conductivity kK, Wem*.K™* 34.0
Latent heat L J-kg™ 2.71x10°
Viscosity © kg-m™.s™ 4.2x10°
Thermal expansion coefficient B K* 1.07x10*
Solutal expansion coefficient % 1.4x10°
Dendritic arm spacing A m 5x10*
Diffusion coefficient (liquid) D, m?.s™ 2.0x10°®
Diffusion coefficient (solid) ., D, m’.s™ 1.0x10°
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Fig.3 Predicted solidification sequence of the 3.25 t ingot at 100 s (a), 500 s (b), 2000 s (c) and 6000 s (d) (The volume
fraction of each phase is shown in color map with 20 levels from 0 to 1. The left half of each graphic shows the evo-
lution of the columnar volume fraction (f;) and the melt velocity ( u, ) vectors. The right half of each graphic shows
the evolution of the equiaxed volume fraction (f.) and the equiaxed sedimentation velocity (%, ) vectors. The posi-
tion of the columnar dendrite tip was marked with a black solid line) (CET—columnar to equiaxed transition)
1.8+ (0)
E 16+
(]
£
= 14+
g
@ 12t
(]
Q
Seq. £ 10t
index =
0.2 S 08t
I S
Q
% 06}
=
el
§ 04
0
© o2l
oo 1 1
06 04 02 00 02 04 06
2 Macrosegregation index ((¢ . -¢)/c)
Color online
&4 3.25 taEEmiT 45 3
Fig.4 Final macrosegregation color maps of 3.25 t steel ingot predicted by simplified dendritic model (a), globular model
(b), and the comparison between simulated and experimental macrosegregation distributions along the central line
for different models (c)
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Fig.5 Boundary and initial conditions for simulation, simulated and experimental results of 25 t steel ingot

(a) boundary and initial conditions for simulation

(b) experimentally etched surface

(c) experimentally measured macrosegregation map

(d) simulated macrosegregation pattern

(e) comparison between simulated and experimental central line macrosegregation distributions
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Fig.6 Formation of negative segregation zone in the upper of ingot

(a) the macrosegregation distribution

(b) the local equiaxed distribution

(c) the formation schematic of equiaxed zone in upper of ingot
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