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Numerical Simulations on Solute Distribution and Microstructure of
Macro Segregation in DC Casting Slab of Aluminum Alloys

Nobuhito Ishikawa* Tatsuya Yamada**, Takashi Kubo*** and Koichi Takahashi****

In DC casting of 5000 series aluminum alloys, negative and positive macro segregations can be seen at the
center of slab thickness corresponding to eutectic and peritectic chemical elements respectively. It is very
important to investigate the generating mechanism because these macro segregations have an influence on
material and chemical properties of wrought products. Authors have carried out two-dimensional
measurements of the macro segregations under the optical emission spectrometry, and significant
characteristic features of them were obtained definitely. They are explained physically and quantitatively by
our proposed hypothesis on a partially swept solute model, in which it assumes that a sump melt flow
penetrating into a mushy zone pushes out an enriched or diluted liquid solute within a critical solid fraction,
then the ordinary solidification process resumes. The reason why granular crystals exist in the region of the
remarkable macro segregation may be revealed as a texture transformation from an equiaxed dendrite growth
due to an advection of latent heat and liquid solute by using the phase field model with a melt convection.
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Fig. 1 Schematic illustration of the semi continuous DC
casting of aluminum alloys.
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Table 1 Comparison between the measured macro
segregations and the predicted ones using the
partially swept solute model.

Chemical element Fe Si Mg Mn Ti

Partition coefficient | 0.034 | 0.11 045 093 7.8

Measured value (%) | 61.1 733 825 96.1 | 3065
Predicted value (%) | 710 733 835 979 | 304.0
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Fig. 2 Measured negative macro segregation of Mg
element which is normalized by the averaged
solute concentration in the whole slab slice
obtained from the large DC casting of 5000 series
aluminum alloys.

72!
-800.0 -600.0 -400.0 -200.0 0.000 2000 4000  600.0 800.0 64.00

3000
%
z X

Fig. 3 Measured positive macro segregation of Ti
element which is normalized by the averaged
solute concentration in the whole slab slice
obtained from the large DC casting of 5000 series
aluminum alloys.
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Fig. 4 EPMA images of Mg and Ti elements.
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Fig. 5 Schematic illustration of the partially swept solute model.
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Fig. 6 Comparison of the predicted Mg macro
segregation between the partially swept solute
model (PSS model) at critical solid fraction 0.3 and
the equilibrium solidification model (EQ model).

1000

—=— Liquid solute in EQ model
900 —— Solid solute in EQ model

x

N

[=}

8 —=— Liquid solute in PSS model

& 800 & —— Solid solute in PSS model

O 700 —o— Averaged solute in EQ model |
5 \ \ —e— Averaged solute in PSS model
£ 600 A\ \

£ 500 y y

3] \ \

< 400

.~ 300 L g L g ’W o o ® O
z 200 ./' A A

5} ¥
g
o

o 0
S: 00 01 02 03 04 05 06 07 08 09 10

Solid fraction

Fig. 7 Comparison of the predicted Ti macro segregation
between the partially swept solute model (PSS
model) at critical solid fraction 0.3 and the
equilibrium solidification model (EQ model).
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several casting conditions.
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Table 2 Relationship between the measured macro
segregations and the predicted ones using
the partially swept solute model concerning
several casting conditions shown in Fig.8.

. . Casting conditionts shown
Chemical | Partition in Fig. 8
element |coefficient
A B C D
Mg - 806 | 825 | 839 | 89.1
Measured ™5 - 562 | 6L1 | 683 | 747
value (%)
Ti - 314.6 | 3065 | 2445 | 195.2
Critical solid fraction 035 | 032 0.29 0.20
] Mg 0.45 806 | 825 | 839 | 89.1
Predicted 0031 | 659 | 693 | 717 | 809
value (%)
Ti 73 339.9 | 3164 | 299.1 | 2348
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Table 3 Thermo-physical data for A1-Mg alloys used
both in the solute diffusion model and in the
thermo-hydraulic model.

Property Value Unit
Slab thickness 0.5 m
Slab width 1.6 m
Slab length 1 m
Casting speed - m/s
Mesh size 0.01 m
Time step 0.01 S
Density (liquid) 2300 kg/m?
Density (solid) 2700 kg/m?®
Heat capacitance (liquid) 1146 J/kg-K
Heat capacitance (solid) 949 J/kg-K
Heat conductance (liquid) 218 W/m-K
Heat conductance (solid) 240 W/m-K
Latent heat 339x10° J/kg
Viscosity 0.001 Ns/m?
Gravitational acceleration 9.8 m/s?
Pouring temperature 983 K
Liquidus temperature - K
Solidus temperature - K
Initial solute concentration - wt%
Solute diffusivity 50x10° m%/s
Equilibrium partition coefficient 0.45 -
Critical solid fraction 0.2 -
Primary dendrite arm spacing 300x10° m
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Fig. 9 Predicted Mg macro segregation at the casting condition corresponding to Fig. 2 using the 3-dimensional
numerical solute diffusion model coupled with the thermo-hydraulic model.
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Table 4 Thermo-physical data for A1-Mg alloys used in
the phase field model.

Property Value Unit
Universal gas constant 8.318 J/K-mol
Melting point 933 K
Liquidus temperature - K
Solidus temperature - K
Undercooling - K
Equilibrium partition coefficient 0.45 -
Slope of liquidus line 567.5 K
Density 2300 kg/m?®
Heat conductivity 218 W/m-K
Heat capacitance per volume 2.63x10° J/K-m®
Latent heat per volume 9.1x10% J/m?
Dynamic viscosity 4.35%107 m?%/s
Solute diffusivity (solid) 1.0x10™ m*/s
Solute diffusivity (liquid) 1.0x107 m?%/s
Molar volume 1.0x10° m?*/mol
Kinetic coefficient 0.1 K-s/m
Interface energy 05 J/m?
Anisotropy parameter 3.0x10? -
Time step 2.17x10"2 S
Mesh size 30x10° m
System size 15%10% m
Interface width 90x10* m
Initial solid nucleus 135%x10° m
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Fig. 10 Predicted figure of the dendrite growth, temperature and Mg concentration using the 2-dimensional phase field

model without melt convection (after 10® seconds).
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Fig. 11 Predicted figure of the dendrite growth, temperature and Mg concentration using the 2-dimensional phase field

model with melt convection (after 10® seconds).
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