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Modeling the development of micro- and 
macrosegregation patterns and grain struc- 
tures in the equiaxed solidification of metal 
alloys under the combined influences of melt 
convection and the motion of free solid has 
been the subject of intense recent research 
efforts. This article presents a summary of 
selected experimental and theoretical studies 
aimed at understanding the convective trans- 
port processes both for a single grain and at 
the scale of a casting. The need for much 
additional research is emphasized. 

I N T R O D U C T I O N  

The as-solidified structure of most 
statically and continuously cast metal 
alloys features both columnar (long, 
aligned) and equiaxed (spheroidal) 
grains. This is true for steels as well as 
aluminum alloys. A fine equiaxed grain 
structure is often preferred over a co- 
lumnar structure for a number of rea- 
sons (single-crystal turbine blades are 
an important exception): ~ uniform me- 
chanical properties and better overall 
strength and fatigue life, more finely 
dispersed second phases and porosity, 
less macrosegregation, improved feed- 
ing to compensate for shrinkage and less 
hot cracking, improved surface proper- 
ties, and improved machinability and 
fabricability. 

An equiaxed grain structure can be 
promoted by the enhancement of het- 
erogeneous nucleation in the bulk melt 
through the use of grain refiners (such as 
TiB 2 in aluminum alloys) and the frag- 
mentation of existing dendrites at the 
junction between a branch and its stem. 
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Figure 1. A schematic of an equiaxed solidification system. 

In the latter mechanism, melt flow is 
necessary to transport the fragments into 
the interior bulk liquid where they may 
survive and grow into equiaxed crys- 
tals. The beneficial influences of in- 
creased superheat, alloying content, 
mold vibration, mold rotation, and elec- 
tromagnetic or mechanical stirring can 
all be linked to fragmentation. 

These effects have been understood 
on a qualitative level for decades, but the 
prediction of the resulting state and size 
distribution of grains, phases, and spe- 
cies in the solidified metals has been 
complicated by the intricate physical 
phenomena involved. This article sum- 
marizes recent advances in modeling 
solute redistribution and grain structure 
formation in purely equiaxed alloy so- 
lidification (Figure 1); the emphasis is on 
the influence of convection. Columnar 
growth and other grain structures are 
not considered. 

BASIC M O D E L I N G  
C O N S I D E R A T I O N S  

It was not until recently that micro- 
structural evolution models were linked 
to macroscale heat-flow calculations to 
predict structural and compositional fea- 
tures at the scale of a cast part. 2~3 Most of 
the existing work in the area of micro- 
and macroscopic modeling has only con- 
sidered the diffusion of solutes (at the 
scale of the grain) and heat (at the scale of 
the casting), while neglecting any melt 
convection and transport of fragments 
and unattached equiaxed grains. 

In a purely diffusive environment, the 
equiaxed grains  are 
thought to nucleate in the 
melt and remain station- 
ary during growth. For 
large nuclei densities, the 
grains impinge before 
developing any instabili- 
ties and remain globu- 
lar. For lower nuclei den- 
sities, instabilities at the 
so l id / l i qu id  interface 
can develop into den- 
dritic branches, resulting 
in a mushy grain (Figure 
2). Both globular and 
dendr i t ic  microstruc-  
tures can be observed in 

equiaxed castings, and it is the aim of the 
modeling to predict the occurrence of 
either structure and the corresponding 
distribution of secondary phases. Nucle- 
ation and growth are influenced by the 
local cooling conditions, which are mod- 
eled using standard heat-flow analyses 
on the scale of the casting. In the pres- 
ence of convection, the following effects 
also need to be considered in modeling 
on the microscopic scale: 

�9 Fragmentation of dendrites 
�9 Drag forces between equiaxed 

grains and the liquid 
�9 Convective transport of the rejected 

solute from the grain into the un- 
dercooled melt during growth (or 
from the superheated melt during 
remelting) 

�9 Convective influences on dendrite 
tip growth 

For modeling on the macroscopic 
scale, the following additional effects 
must be considered. 

�9 Rheological behavior of the melt 
laden with equiaxed grains 

�9 Buoyancy-induced or forced flow 
of the melt 

�9 Transport of free equiaxed grains 
�9 Convective heat transport 
�9 Advection and redistribution of sol- 

utes by liquid and solid motion 
As described below, all of the above 

effects can be included in a self-consis- 
tent model if a multiphase/-scale ap- 
proach and volume averaging are used. 
The multiphase approach is inspired by 
the work of Rappaz and Thevoz 4 and 
serves to distinguish between different 
microscopic length scales in equiaxed 
dendritic solidification. As shown in Fig- 
ure 2, a hypothetical envelope is drawn 
around a dendritic grain in order to sepa- 
rate the interdendritic liquid inside the 
envelope from the extradendritic liquid 
outside of it. The interdendritic liquid is, 
thus, associated with a length scale of 
the order of the secondary dendrite arm 
spacing, while the extradendritic liquid 
experiences a length scale that is related 
to the grain density. For a globulitic grain, 
the interdendritic liquid does not exist, 
and the internal solid fraction I~si is equal 
to unity. The multiphase approach thus 
allows for the modeling of phenomena 
as disparate as back-diffusion, coarsen- 
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Figure 2. Schematic of (a) a single equiaxed dendritic grain and 
(b) the corresponding solute profiles during growth. 

globul i t i c  grains,  the 
well-known Stokes' law 
can be expected to be 
appropr ia te .  For den- 
dritic grains, there can be 
flow of liquid through 
and around a grain. The 
situation is further com- 
plicated by the presence 
of other grains. In the 
limit of packed grains, all 
of the f low mus t  be 
through the dendri t ic  
structure of the grains. 
In this case, a permeabil- 
ity associated with Dar- 
cy's law is typically used 

- -  c, to characterize the drag. 
The d r ag  of s ingle  

equiaxed dendrites was 
recently measured using 
both plastic models 7 and 
the t ransparent  model  
alloys NH4C1-H20 and 
succinonitrile (SCN)-ac- 
etone. 8,9 For the transpar- 
ent model alloys, the ap- 

paratus consisted of a dendrite genera- 
tor above a temperature-controlled col- 
umn. The melt in the column was kept at 
the liquidus temperature in order to ob- 
serve the fall of a dendrite of constant 
size. Based on the measurements ,  a 
theory m was developed that correlates 
the drag  coefficient in terms of its 
Reynolds number, the sphericity of the 
dendrite envelope, and the internal per- 
meability. It reduces to Stokes' law in the 
limit of a small globular grain. The corre- 
lation produced good agreement be- 
tween measured and calculated settling 
velocities. 

Wang et al. n extended this correlation 
to the case of multiple equiaxed grains, 
including the packed bed regime (where 
it reduces to the permeability). It was 
found that for extradendritic liquid frac- 
tions above 0.5, the interdendritic liquid 
is nearly immobilized (relative to the 
solid) and all flow is around the dendrite 
envelope. Good agreement was found 
between the general drag correlation and 
previous permeability measurements in 
metallic-alloy equiaxed mushy zonesJ 2 

ing, dendrite tip growth, solute rejection 
from the grain, and flow through and 
around the grains. The combination of 
these effects could not be modeled if the 
grains were considered simply as equiva- 
lent solid spheres. Note that the tem- 
perature can readily be assumed uni- 
form at the scale of the grain in Figure 2. 

F R A G M E N T A T I O N  

In the absence of convection, a num- 
ber of empirical nucleation models have 
been used to calculate the generation 
rate fl,=d~,io, of equiaxed grains.ZaNo 
model  exists to calculate the grain gen- 
eration rate due to fragmentation of den- 
drites in the presence of melt flow, 
I~fragrnentation , although a number of rel- 
evant experiments have recently been 
performed, s,6 It is beyond the scope of 
this article to discuss the many intricate 
physical phenomena associated with 
fragmentation, but this topic hkely rep- 
resents the most significant gap in mod- 
eling solidification with convection. 

Grain generation rates are used in the 
following conservation equation for cal- 
culating the local grain density n. 

a n + v . ( v n ) =  
at 

l~nucleation -}" 1~ fragmentation - -  I~remelting (1) 

where fi,em~J,.g is the death rate of grains 
due to complete remelting. The second 
term on the left side accounts for redis- 
tribution of grains due to their motion 
(with a velocity v).  

I N T E R F A C I A L  D R A G  

Knowledge of the interfacial drag be- 
tween equiaxed grains and the melt is 
important for calculating their relative 
motion. For isolated small nuclei and 
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Figure 3. A preliminary correlation of mea- 
sured Sherwood numbers (dimensionless 
mass transfer coefficients) with Reynolds 
number for growth of single equiaxed grains 
settling in an undercooled melt. 
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Figure 4. Measured tip growth velocities of 
single equiaxed grains settling in an under- 
cooled melt and comparison with the Stokes 
solution of Ananth and GilU 7 

S O L U T E  T R A N S P O R T  

The interdendritic liquid inside the 
fine dendritic structure of an equiaxed 
grain can safely be assumed solutely 
well mixed and at the liquidus concen- 
tration C[, corresponding to the local 
temperature. On the other hand, the 
transport (by diffusion or convection) of 
the rejected solute from the envelope 
into the constitutionally undercooled 
extradendritic liquid is of critical impor- 
tance. This transport  mainly determines 
the internal solid fraction of an equiaxed 
grain. The rate of solute transport from a 
grain can be characterized by a diffusion 
length 8 (Figure 2). During steady growth 
of an isolated grain, Rappaz and Thevoz 4 
showed that in the limit of purely diffu- 
sional transport, 8 is given by 

8 = Dl/v , (2) 

where D~ is the liquid mass diffusivity 
and v t is the outward velocity of the 
envelope that can be taken as the den- 
drite tip speed. A solute balance leads to 
the following simple expression for the 
internal solid fraction of an isolated grain 

esl = f 2 =  C ; - C ,  (3) 
C[ (1 -  k) 

where f2 is the dimensionless solutal 
undercooling, C~ is the concentration of 
the melt away from the grain, and k is 
the partition coefficient. 

In the presence of convection, the dif- 
fusion length 8 can be associated with a 
convective mass transfer coefficient h m 
through 

h m = D~/8 ( 4 )  

Then, a solute balance (assuming an 
immob i l i z ed  i n t e rdend r i t i c  l iquid)  
leads to 

h 
eo, = ( - m ) ~  (5) 

V t 

In general, h m > v t because convection 
enhances the solute transport away from 
the grain, resulting in a higher internal 
solid fraction compared to diffusion. In 
the limit of no convection, h m = v c Note, 
however, that the dendrite tip speed in 
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Figure 5. A comparison of model predictions with NH4CI-H20 experiments showing (a) a 
shadowgraph image and (b) the predicted solid fraction field (white = E, < 0.1%, black = G> 1%, 
and continuous gray scale = 0.1% < G < 1% ) and liquid velocity vectors ( Ivl,,,,, = 1.7 cm/s). 

the presence of convection is much higher 
than in the diffusion case. 

The convective mass transfer coeffi- 
cient was recently measured using the 
same apparatus as for the drag coeffi- 
cient measurements and the transparent 
model alloys NH4C1-H20 and SCN-ac- 
etone. 9:3 The only difference from the 
drag coefficient measurements was that 
the melt in the column was kept at a 
temperature below the equi l ibr ium 
l i qu idus  tempera ture .  Hence,  an 
equiaxed grain grows as it settles in the 
column. The convective mass transfer 
coefficient h m can then, in principle, be 
determined from Equation 5 by measur- 
ing the dendrite tip speed v t and the 
internal solid fraction r for a given un- 
dercooling, D. Because ~si cannot be mea- 
sured directly, it is backed out from the 
drag coefficient correlation ~~ by measur- 
ing the settling velocity. Finally, the con- 
vective mass transfer coefficient was 
correlated in terms of a Sherwood num- 
ber using a mass-momentum transfer 
analogy.~4 The correlation produced only 
fair agreement with the SCN-acetone 
measurements (Figure 3), and further 
research is required. An extension of the 
correlation to multiple-equiaxed crys- 
tals is proposed in Reference 15. 

D E N D R I T E  T I P  G R O W T H  

For typical relative velocities between 
a settling equiaxed grain and the melt, 
the dendrite tip speed, which is impor- 
tant for determining the grain envelope 
evolution, can be several times higher 
than that for purely diffusional growth. 
While there are theories available to cal- 
culate the tip speed (and radius) as a 
function of the undercooling in quies- 
cent melts, ~6 little is known about the 
influence of convection. 

Using the same apparatus and trans- 
parent model alloys used for the deter- 
mination of the drag and mass-transfer 
coefficients, the dendrite tip velocities 
were measured for single equiaxed 
grains settling in a column containing an 
undercooled melt. The measured tip 

velocities as a function of the settling 
velocity for a given undercooling shown 
in Figure 4 are for the SCN-acetone al- 
loy. Also, plotted is a prediction based 
on the Stokes solution of Ananth and 
Gill./7 This solution was derived for a 
uniform flow approaching a single tip 
parallel to the growth direction. The dif- 
ference between the experimental data 
and the theory can be attributed to the 
presence of a more complicated flow 
field near the multiple tips of an equiaxed 
crystal in the experiments. For the 
present settling velocities, the tip speed 
can be up to an order of magnitude 
higher than for purely diffusional  
growth. More experiments and new 
theories are clearly needed. 

R H E O L O G I C A L  P R O P E R T I E S  
OF T H E  E Q U I A X E D  G R A I N /  

M E L T  M I X T U R E  

Knowledge of the rheological proper- 
ties is important for calculating the 
slurry-like flow of equiaxed grains sus- 
pended in the melt. Before packing, this 
s lurry may be approximated  as a 
Newtonian fluid having a certain mix- 

adiabatic 
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Figure 6. A schematic of the physical system 
used in the simulation of equiaxed solidifica- 
tion of AI-4Cu. 

ture viscosity Pm~" Depending on the 
volume fraction of grains, 8,  two limit- 
ing cases can be identified. ~or  E --~ 0 
(small nuclei), the mixture behaves~ike a 
dilute suspension of spheres for which 
Einstein derived ~tm~ x = (1 + 2.5 ~g)g~ 
where t-h is the liquid viscosity. For the 
grain fraction approaching the packing 
limit ac, the ~rains imt~in_ae and the ' g O t 
solid phase becomes rigid and coherent, 
so that gm~x --~ ~" 

A relation for nonsolidifying mixtures 
that encompasses both limits has been 
proposed by Krieger ~8 as 

~mix ~- Eg~l'l's + (1 -E)p l  = 

] /1(1_ 8g/Scg)-25~ (6) 

Although Equation 6 was derived for 
equal solid and liquid velocities, it may 
be used to calculate an effective solid 
viscosity p~ in the case that separate 
momentum equations are solved for the 
two phases. 

In modeling equiaxed solidification, 
the above viscosity relation should be 

Groin Density (m'3~ 10 8 5xlO R I0 9 5xlO 9 

a b c d 
Figure 7. The evolution of the grain density for solidification of AI-4Cu (n o = 109m -3) when (a) t = 
10 s, (b) t = 30 s, (c) t = 50 s, and (d) t =100 s. 
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based on the grain volume fraction e 
instead of the solid fraction ~ = e x r ,. �9 . s g s 

The coherency gram fraction E~ can be 
taken equal to about 0.5 to 0.6 ~or both 
globular and dendritic grains. For globu- 
lar grains (E. = 1) that may be present in 
highly grain-refined castings, the grain 
fraction coincides with the solid frac- 
tion. However, for dendritic grains (as~ < 
1), the solid fraction is lower than the 
grain fraction. Coherency solid fractions 
as low as 15 percent have been mea- 
sured. 19 Experiments for concentrated 
suspensions of equiaxed grains are 
needed to verify Equation 6 and also to 
investigate deformations of the mush 
near and above the coherency point. 

T H E  M U L T I P H A S E  M O D E L  

The various physical phenomena de- 
scribed have been incorporated in a so- 
called multiphase model. 1s,2~ This model 
consists of averaged (macroscopic) mass, 
momentum, energy, and species conser- 
vation equations for each phase (solid, 
interdendritic liquid, and extradendritic 

Cmi x (wt%)  2 4 6 8 10 12 

a b c 
Figure 9. Final macrosegregation patterns for the equiaxed solidification of AI-4Cu with (a) 
stationary solid (n o = 109m-3), (b) moving solid (no= 109m-3), and (c) moving solid (n o = 10"m-3). 

liquid) together with interfacial balances. 
The general approach has been outlined 
in a previous article in JOM. 21 There are 
several additional supplementary rela- 
tions needed in the model beyond those 
discussed here, and the reader is re- 
ferred to Reference 15 for a complete 
description. 

Comparison of the Model 
Predictions with NHaCI-H20 
Experiments 

Some limited validation of the model 
has been provided by Beckermann and 
Wang z2 through comparison of model 
predictions with NH4C1-H20 experi- 
ments. The test cell used in the experi- 

0.5 0.6 1.0 2.0 0.120.13 0.14 0.15 
Grain radius (mm) Grain Radius (mm) 

a b 
Figure 8. Final grain size distribution for equiaxed solidification 
of AI-4Cu for (a) n o = 109m -3 and (b) n o = 10"m -3. 

ments consists of a square enclosure sur- 
rounded on four sides by heat exchang- 
ers through which a temperature-regu- 
lated coolant was circulated. Initially, 
the enclosure contained a NH4CI-70H~O 
(weight percent) solution slightly above 
the liquidus temperature. After initia- 
tion of cooling, melt convection and (with 
some delay) equiaxed solidification com- 
menced. Density gradients were visual- 
ized using a shadowgraph system, and 
internal cell temperatures were mea- 
sured using small thermocouples. 

A representative comparison of mea- 
sured and predicted results at an inter- 
mediate time is shown in Figure 5. There 

appears to be good agree- 
ment between the mea- 
sured and predicted ex- 
tent and shape of the bed 
of sedimented NH4C1 
crystal at the bottom of 
the enclosure. Consid- 
ering that this bed is 
the result of complex 
growth, melt convection, 
and solid transport pro- 
cesses, even this limited 
comparison can be view- 
ed as an encouraging re- 
sult. Interestingly, it was 
found  that the free 
equiaxed NH4C1 crystals 
had an internal solid frac- 
tion of the order of only 
five percent, emphasiz- 
ing the need to distin- 
guish between the grain 
and solid volume frac- 
tions in the dendritic 
case. The most critical 
uncertainty was found to 
be the modeling of the 
generation of equiaxed 

crystals by fragmentation (the grain den- 
sity n o was adjusted in the model to 
achieve realistic crystal sizes). Future 
research will be aimed at resolving this 
issue. 

Application to Solidification of an 
AI-4Cu Alloy 

Illustrative numerical results have 
been obtained 23 for equiaxed solidifica- 
tion of an A1-4Cu (weight percent) alloy 
in a two-dimensional rectangular cavity 
(Figure 6). The left vertical wall is subject 
to convective cooling, while all other 
walls are adiabatic. In the A1-Cu system, 
the melt density increases with increas- 
ing copper concentration and decreas- 
ing temperature, so that the thermal and 
solutal buoyancy forces in and near the 
mushy zone augment each other. The 
solid density is generally greater than 
the liquid density. Hence, grain sedi- 
mentation is expected in solidification. 

A series of predicted grain density 
fields for a simulation where the initial 
nuclei density n o was set to 109m -3 is 
shown in Figure 7 at various times dur- 
ing solidification. Initially (Figure 7a), a 
stream of small grains is swept into the 
central part of the cavity�9 At t = 30 s 
(Figure 7b), the grains lifted by the liquid 
flow along the right wall begin to re- 
settle near the left wall. The settling ef- 
fect is more evident in Figure 7c (t = 50 s), 
which shows a pronounced vertical 
variation in the grain density. The inter- 
face between the lower packing region 
and the upper nearly solid-flee liquid 
region coincides with a relatively sharp 
vertical gradient in the grain density. At 
t -- 100 s (Figure 7d), this interface is 
shifted upward as the sediment bed in- 
creased in height. 

The final grain size distribution for 
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this simulation is shown in Figure 8a. 
Note that in the absence of solid trans- 
port, the grain size (i.e., radius) would be 
uniformly equal to 0.62 mm correspond- 
ing to n o = 109m -3. The top zone of larger 
grains (~2 mm) can be directly attrib- 
uted to the sedimentation effect. 

Shown in Figure 8b is the final grain 
size distribution for another simulation, 
where the initial nuclei density n o was 
increased to 10Um -3, which can corre- 
spond to a grain-refined casting. The 
resulting overall smaller grain size in 
this case has a profound effect on the 
solidification and transport phenomena; 
the equiaxed crystals tend to grow in a 
more globular fashion, and there is less 
relative motion between the liquid and 
solid phases due to the larger interfacial 
drag. One of the consequences is a much 
more uniform grain size distribution 
when n o =10nm -3 (Figure 8b) than for 
109m -3 (Figure 8a). 

The effects of solid transport and dif- 
ferent grain sizes on macrosegregation 
are illustrated in Figure 9 by comparing 
the results of three different simulations. 
Figure 9a is for a case where the solid is 
assumed to be stationary at all times, but 
with thermosolutal melt covection and 
n o = 109m -3. The most prominent macro- 
segregation feature is the channel segre- 
gates. The channels are oriented down- 
ward due to the downward direction of 
the solutal buoyancy forces in the A1-Cu 
alloy. Also, a highly segregated copper- 
rich region exists at the bottom of the 
cavity and near the right wall due to the 
advection of solute-rich liquid during 
solidification. This macrosegregation 
pattern should be contrasted with Fig- 
ures 9b and 9c, which correspond to a 

moving solid phase (until packing) and 
n o = 109m -3 and 10Um -3, respectively. In 
general, the macrosegregation is much 
less severe than in Figure 9a, and no 
channel segregates are predicted. Be- 
cause macrosegregation is due to rela- 
tive motion between the solid and liquid 
phases, solid transport can be expected 
to reduce macrosegregation in the 
present system. However, in cases where 
the solute-rich liquid is less dense and 
the solute-poor solid is more dense than 
the initial melt ( e.g., as for hypoeutectic 
Pb-Sn alloys), a counter current liquid- 
solid flow would result, causing very 
strong macrosegregation. Comparing 
Figures 9b and 9c, it can be seen that a 
finer grain size in the AI-Cu system re- 
suits not only in a more uniform grain 
size distribution, as observed in Figure 
8, but also reduces the extent of macro- 
segregation (due to less relative phase 
motion). 
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