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Abstract

A two phase volume averaging approach was used to model the solidification of an Al-
4.0wt.%Cu plate casting, including aucleation, grain structurs and macrosegregation formation
under the influeace of melt cenvecion and grain sedimentation. With Ti as grain refiner the
solidification morphology of this alloys was simplified as globular equiaxed. Eoth the liquid
and solid phasss were modeled as two separated and interpenetrating continua. The
conservation equations for mass, momentum, species and enthalpy for both pbases, and an
additional grain density conservation equation were solved. nteractions between the melt and
the solid such as mass transfer, friction and drag, solute partitioning and release of latent heat a3
well as nucleation were included n corresponding exchange gnd source terms. Evaluation
efforts were made by comparing the numerical predictions with experimental findings. The
pumerically precicted grain size distribution in a plate casting (Al-4wt%Cu) was found to agree
reasonably with the metallographic znalvses.



Introduction

Prediction of grain distribution and macrosegregation such as in ingot ot continuous casigsi
of special ioterest to the material processing industry. In order to understand the grain evellise,
and the outcome of macrosegregations during solidification, foliowing processes must bESR™
nto account: nucleation, grain growth, heat and mass trapsfer, melt convection, e
movement, sohute partitioning and transport, etc. Numerical methods to study this proble e
only been developed in recent years, when all the conservation equations for rul
problem could be coupled and solved simultaneously!'), As most promising modsi®:
volume-averaging asproach developed by Beckermann's group™® was presented. For ghe
equiaxaed solidificaton this approach was further modified by Ludwig et al®™™, who
some uncertainiies which appeared in the pioneering model’***). This modified
applied to study the solidification in ndustrial alloy Al-4wt%Cu. With Ti as gram ref
alloy is known to solidify with a near globular equiaxed morphology.

Numerical model

The two phase volume averaging model for globular equiaxed solidification was
: %11 - ot —_—

previously" 'l The conservation equations, source terms, exchsnge terms and some

terms are shown in “able L.

Table 1. Conservation equations, source and exchangz terms and auxiliary equations
numencal model of globular equiaxed sohdification
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The liquid and solid phases a‘e fransported according to the mass conservation Eq.(1), taking
solidification (remelting) intc account through a mass transfer term A, (=Af ), which 15
defined in Eq.(7). The volume fractions of both phascs are subject to §, + £, = 1. Momentum
exchange U, (=—U',) in Eq.{2) consists of two parls: one due to mass tensfer U7 and the
other due (o drag force (' . Details about the dreg force model are given elsewhere™ '*'7 A
solid viscasity ¢, is empirically defined in £q.(13) based on a mixing rule"™,

The solute concentration in the liquid and solid are calcujatad by solving Eq.(3). T he solute
partitioning st the liquid-solid interface due to phase change C7 is taken iato account’”), while
the solute diffusional exchenge at the liquid-solid interface C7 is neglected. A mix
concentration ¢ is defined in Eq.(11} to describe the macrosegregation.

The enthalpy conservation Eq(4) for both phases are also sohved separately, hence we get two
different terperatures 7, and 7,. With a relatively large diffusional heat exchange term O
between the liquid and solid phases, the temperature differznce can be leveled out, and an
thermal ecuilibrium (7, ~7,) is obtained. The enthalpy difference (/i ~h, = Ak, ) defines the
latent heat. Details to handle the latent heat in this model is described previousty™!.

An additional conservation Eq(5) is solved to obuain the grain density distribution ». The grains
are transported according to k.. An empirical 3-perameter nucleation law (Eq.(6)) is used™'L
¥ith the known » and 7, the averaged grain size 4, is estimated by Eq.(12).

Problem description and experimental evaluation procedure

Due to the limitation of the computer capacity, the two phase solidification simulation is made
1 3 2D section of the plate casting. The configuration of the section is s1own in Fig. 1. The
mold filling simulation by a commercial software MAGMASOF T is refemred to determine the
initial temperature distribution for the solidification simulation. The mold (steel die) i



considered here as conducting wall with initial tempcralure of 573 K. The casting/me
exchange coefficient H.., is taken to be 800 W.f( ’K). Tte heat exchange cosfficient b
the mold and the environment H,. is 30 W/(mK). Also a convection boundary conditionat S
casting top is assutned, and H.. is 50 W/(m’K). A non-slip boundary conditon is appiied! 5
liquid phase at the melt‘mold interface, while the solid phase which nucleate on the mold

can move frezly. The calculation domain is meshed into square volume elements withi

size of 2x2 mm’. The time step as small as Az=2x10" s is used in the simulation. A sin
of the sirnulation takes 7~10 days on a SGI Octane workstztion (K12000).

Table II shows the physical properties s
of both casting and mold and the phase - 4
diagram parameters of the cast alloy y
(Al-4wt.% Cu). Differcnt densities of e
hquid o and solid p, are only Y '*
considered in momentum conservation o B
equations, where the Boussinesq - et
gpproach is used to model the §
sedimentation of the solid phase during 5 o2 §
solidification. The p, and p are & B
considered elsewbere equal and .
constant (2606 kg/m’), hence the g
solidification shrinkags and *
thermosolhmal convection are ignored. -
The parameters for the nucleation 508
lawt in Eq.(6) are n_ =15-10%m’?,
AT, =20K, AT_ =8 K. e
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Figure 2: Metallographical study of the grain size distribution in the real plate casting +



Table II. Thermophysical and thermodynamic properties used in the simulation

P,=2606 kg im’ €= 706 Jikg! K DE=8x W0 s
p£,=2743 kg/m’ Py ™ 7734 kgt u=12x10"%g/m/is N
k=TI Wim/K ko =035 WimiK T,=9335K

k=153 # im/ K ooy = 621 J1hg I K k=0.145

Can= 1TOJikg/K  Df'=5x 107 mr'/s |m= -344 K

For evaluation the real casting was poured. As shown in Fig.2 (a). the casting was sectioned,
and specimens were taken at different positions. With Baker etching the micmoscopic
metallographic examination across the thickness direction was mace, Fig.2 (b). The gram sizc
was measured manually in equal interval (2mm) across the secticn. Around each measuring
point 10 random grains were selected, and the grain size was averaged. In this way the gram
size distribution, Fig. 2 (c), was obtaiped. In addition to the grain size distribudon the
macrosegregation was also analyzed with EDX (energy dispersive X-ray) method.
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Figure 3: Simulation result 7 s after start of cooling. The arrows of both velocity fieids are
continuously scaled starting from zero to the maximum value. All other quantitics are scaled
equidistantly by 30 grey levels, witk light representing the lowest and dark the highest value,
T:900-919 K, c,: 0.04-0.2, M, -17~227 kg/m’/s, ¢, : 0.037-0.042, 7:0-1, 5 021
mm's, z,: 0~20 mm/s, n: (~130 mm”’, 4, 0-037 mm.



Results and discussions

A typical simulation result af 7 s is shown in Fig, 3. As soon as 7 drops below the lie
along the mould walls, nucleztion and solidification start. Due to gravity grains nucleated
the vertical walls sink dowwwards. Simking of the grains leads to the accumulation of
phase in the bottom region. As the local fraction solid £, exceeds the packing limit (0.637%8
grains setile there and the velocity of the solid #, vanishes. Sedimentation occurs. As the sl
and liquid are coupled through the momentum exchange terms, the melt is drawn by sis
solid. Two vortices form in the bulk melt - one clockwise in the right half asd &
anticlockwise in the left haft of the casting. The flow currents are so stong thet part Gi@es
grains i bottom region are brought up to the upper region again. As shown in Fig. 3, spesles
distributicns of fraction solid £, , solid velocity #,, grain density » and average gram s

are develcped.
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Figure 4: Comparison of the numerically predicted grain size distribution to the espes
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The final grain size distributior. is shown in Fig. 4 (2). In the lower bottom region fine grains
(high grain density # and small grain size 4} are predicted. There are two reasons for these fine
grains: one is the initial high cooling rate, the other is the sadimentation. The initially nucleated
fine grains in lower regions sink and settle at the bottom. As shown by the simulatian results the
flow currents bring also some grains from hottom regions to the casting center. The temperature
in the casting center 15 higher, and the solidification rate {mass transfer rate M) is lower than
the surface regions, Therefore the grain growth in the casting center is much slbwer than in
casting surface regions. Even remelting occurs occasionally. Both the grain migrition and the
lower growth rate are responsible for the small grains in the casting center. The larpest grains
(=390 um) locate near the casting surface and about 30 mm sbove the casting bottom. The
formation of these large grain zones are explained as fcllowing. Grains nuclested in upper
regions sink along the vertical walls. They grow while sinking. As they reach the lower regions
and settle there they grow to the maximurn size,

The numerically predicted and the experimentally measured grain size distributions are directly
compared in Fig. 4 (b-c). At the position 2% and 3% both numerical simulation and
expenimental results show refative large grains near the surface regions and fine grains in the
casting central region. At the position 1#, a ‘M’ -shape distribution is observed and predicted.
From this comparison, the grain size distnbution of the real casting agrees qualitatively well
with the numerical prediction. However, the absolute values for the grain sizes are somehow
different. They are numerically predicted to be 262-390 pm, while the experimentally
measured are 250~300 wm. The rcasons for this difference are manifold, e.g. simplifying
modehng assumptions, uncertain thermal physical propertizs, accuracy of the pwmerical
calculation, mest quality and umcertainty of the nucieation paramsters. Especially the
nucleation parameters have a high impact on the final grain size predicted by the numerical
model.

Macrosegregations arc quantitatively described by the mix conzentration ¢me. The development
of macrosegrcganons are a direct outcome from the grain sedimentation aad the meit
convection. The grains which reveal a low alloy content compered to the melt sink downwards,
sccumulate and settle in the bottom regions. According to the cor. definition, Eq.(11), the

regions with hngh grain settlement rate have always negative segregation. On the other hand, the
flow current carries the solute enriched melt upwards, so that a positive segregation occurs in
the upper regioms. To verify this prediction the real casting was EDX aralvzed. The
experimental macrosegregation measarernents are relatively scatter. It is difficul: to compare
the experimental data to the numerical results quantitatively. However, both the numerical
simulation and the measured results show the same tendency: negative mactosegregation in the
lower regions and positive macrosegregation in the upper regions,

Closing remarks

This paper comperes the two phase modeling results with experimental findings gained on a

plate casting. In consideration of the model simplifications aad some difficulties, which still

oeed further deveopments, we find the agreement betweea the simulation and the experiment

encouraging. It implies (or indicates) that

o the recent model can aid to study the solidification fundamentals including nucleation and
grain cvolution in the presence of melt convection and grain sedimentation;

s the above discussed mechanisms for the grain movement and macrosegregation formation
in the plate casting are reasonable;

» the recent model can be further developed to predict and control macrostructure and
macTose¢gregation.
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