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Abstract. We investigate the impact of the nucleation law for nucleation on Al-Ti-B inoculant 
particles, of the motion of inoculant particles and of the motion of grains on the predicted 
macrosegregation and microstructure in a grain-refined Al-22 wt.% Cu alloy casting. We 
conduct the study by numerical simulations of a casting experiment in a side-cooled 
76x76x254 mm sand mould. Macrosegregation and microstructure formation are studied with a 
volume-averaged two-phase model accounting for macroscopic heat and solute transport, melt 
convection, and transport of inoculant particles and equiaxed grains. On the microscopic scale 
it accounts for nucleation on inoculant particles with a given size distribution (and 
corresponding activation undercooling distribution)and for the growth of globular solid grains. 
The growth kinetics is described by accounting for limited solute diffusion in both liquid and 
solid phases and for convective effects. We show that the consideration of a size distribution of 
the inoculants has a strong impact on the microstructure(final grain size) prediction. The 
transport of inoculants significantly increases the microstructure heterogeneities and the grain 
motion refines the microstructure and reduces the microstructure heterogeneities. 

1. Introduction 
The prediction of the microstructure formation during solidification is of major importance for the 
industry. Micro-macro models are developed for decades now to relate the macroscopic solidification 
conditions to the microscopic structures obtained. Rappaz [1] gives an overview of the microscopic 
mechanisms of microstructure formation and the coupling between them and the macroscopic 
transport phenomena.  
 A crucial point of the microscopic modelling is nucleation. As recalled in[2], the nucleation is 
rarely homogeneous as it is energetically more favourable for the metal to solidify on foreign particles 
which are always, deliberately or not, present in the metal. Heterogeneous nucleation is not easy to 
calculate, as even a known distribution of refiner particles, deliberately added into the liquid metal, 
can be modified by the fragmentation of grains or by the agglomeration of particles. However, 
different nucleation models were developed, which are used in the macroscopic models.  
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 When the experimental average grain density is known, an easy way to avoid modelling the 
inoculants activation is to consider an initial grain density in the melt entering the mould which 
matches the experimental data[3]. The grains are not generated but only redistributed by the flow. But 
when inoculants are taken into account, their modelling is most of the time very simplified. All the 
inoculants are usually supposed to be activated instantaneously at the liquidus or at a given 
undercooling, as justified in[4]. More rarely, an inoculant size distribution is considered trough a 
normal law and is discretized in classes [5]. Though there is no reason to justify that the inoculants 
remain fixed when the liquid moves, inoculants transport was never considered until now. Thus the 
goal of this study is to analyse the impact of the inoculant motion on the macrosegregation and the 
microstructure formation. An experiment is modelled with different hypotheses in order to see the 
impact of each phenomenon.   
 
2. Model description 
The model is an extension of the volume-averaged two-phase model and the solution algorithm that 
was described in detail in [6].Only the extensions as well as the main features of the model are 
presented here. The  model describes and couples phenomena at two scales, which are considered to 
be distinct. At the macroscopic scale the transport of momentum, mass, heat, solute, grain, and 
inoculants are described by volume-averaged transport equations. At the microscopic scale the 
nucleation and the growth of globular grains are described by volume-averaged interfacial balances. 
The liquid flow and the movement of globular grains are described on a macroscopic level by 
considering the buoyancy-driven flow arising from the liquid density variations (thermo-solutal 
convection),the density differences between liquid and solid, and the drag forces at the grain 
interfaces. The Boussinesq approximation is used, and in the present work the shrinkage-induced flow 
is neglected. When the volume fraction of solid exceeds the imposed packing fraction, the solid phase 
is assumed to be stationary and the liquid interfacial drag is described with a Darcy term modelled by 
the Kozeny-Carman law. On a microscopic level, the model takes into account finite diffusion of 
solute in liquid and solid phases and assumes local thermal equilibrium and thermodynamic 
equilibrium at the solid-liquid interface. 
 Nucleation of grains is assumed to occur on grain-refiner (inoculant) particles. According to the 
athermal nucleation theory of Greer and co-workers [5],the critical undercooling for free growth of a 
grain on an inoculant particle of diameter d is given by ΔTc(d)=4Γ/d where Γ is the Gibbs-Thomson 
constant. The number of activated  particles then depends on the size distribution of the particle 
population, which can be represented by an exponential distribution density function: n(d)=N0/d0.exp(-
d/d0) [m

-4], where N0 [m
-3]is a characteristic inoculant population density and d0[m] is the characteristic 

width of the distribution. This representation holds for particles large enough. In the modelling, the 
size distribution is discretized into m classes of inoculants. Each class is represented by a population 
density Ni

nuc and a critical undercooling ΔTc
i=4Γ/di, depending on the average inoculant diameter of 

the class di. When the local solutal undercooling reaches the critical undercooling of the class, its 
inoculant density, Ni

nuc, is added to the grain density, NG, and Ni
nuc becomes locally zero. The 

conservation equations for the density of each inoculant class and the grain density are Equations (1) 
and (2), respectively, where Φi represents the transfer from inoculants to grains upon nucleation. The 
inoculants are assumed to be transported by the liquid with its velocity and one conservation equation 
is solved separately for each class. 
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where gl is the volume fraction liquid, 〈 〉  is the intrinsic liquid velocity, m is the liquidus slope, Cl
* 

is the interface composition and 〈 〉  is the average liquid composition. The influence of the gradients 
of undercooling is dependent on the liquid Fourier number (Fol=Dltsolidification/Rf

2, where Rf is the final 
grain radius). In the entire cavity, the liquid Fourier number is higher than 100, and according to Ref. 
[10], the influence of the gradients of undercooling on macrosegregation formation is then small. 
Within the mushy zone, negative segregation is formed in the upper part of the cavity where the liquid 
flows in the opposite direction of the temperature gradient, while a severe positive segregation is 
formed in the lower part of the cavity where the liquid flows in the same direction than the 
temperature gradient. This segregation pattern can be easily understood from Equation (3). 
 
4.2. Case 2: Impact of inoculant distribution (neither inoculant nor grain motion) 
By accounting for the inoculant size distribution, the competition between nucleation and growth is 
included in the model. As the inoculants and the grains are fixed for Case 2, the number of activated 
inoculant classes, and thus the final grain density, only depends on the maximum local undercooling. 
Generally, the solidification kinetics results in higher undercoolings reached at higher cooling rates. 
 The local cooling rate, and thus the undercooling, attains the highest values close to the cooled left-
hand boundary where up to 12 inoculant classes are activated, resulting in a higher grain density. With 
increasing distance from the cooled boundary the local cooling rate and undercooling decreases, and 
the grain density decreases accordingly as shown in the horizontal profile in Figure 4a for Case 2. 
 In the present work the permeability of the mushy zone is uncoupled from the predicted grain size 
as the characteristic length in the Kozeny Carman law is set constant. As a result, the liquid flow is not 
significantly affected by the inoculant distribution and only slight differences in macrosegregation 
formation are seen for Case 1 compared to Case 2, and the latter case is, therefore, not presented in 
detail. The small differences can be attributed to the difference in undercooling and its influence on 
macrosegregation (see Equation (3)). 

 
a) Horizontal profile at y=15mm b) Vertical profile at x=60mm  

Figure 4. Comparison of a) horizontal and b) vertical grain density profiles for cases 1 to 4. 

 
4.3. Case 3: Impact of inoculant motion (without grain motion)  

The inoculant motion does not change 
the evolution of the thermal field in the 
cavity; therefore the differences in 
macrosegregation between Case 2 and 
Case 3are small. The microstructure, 
however, is strongly modified. In 
Figure 4a we can notice a steeper grain 
density gradient across the cavity, and 
in Figure 5we can see that globally 
more grains nucleate in Case 3 than in 
Case 2. 
 During the initial stages of 
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solidification, when the mushy zone is spreading from the chill towards the interior, the counter 
clockwise flow continuously brings liquid from the bulk liquid zone, carrying a high inoculant density 
(the inoculants in the bulk liquid were not yet activated), into the mushy zone in the top part of the 
cavity. If the undercooling in the mushy zone is sufficient, these additionally supplied inoculants are 
activated in the mushy zone. Consequently, the liquid flowing back from the mushy zone into the bulk 
liquid zone at the bottom of the cavity carries a low inoculant density, as can be seen in Figure 6a and 
c. This results in a certain inoculant segregation. On the one hand, more inoculants are supplied to the 
chill region, which refines its grain structure compared to Case 2, where inoculants were fixed. On the 
other hand, the inoculant density in the region away from the chill is diluted (Figure 6a–b), which 
coarsens the grain structure compared to Case 2. This explains the grain density gradient across the 
cavity. The inoculant segregation has however a somewhat different consequence for larger than for 
smaller inoculants. Large inoculants require only small undercoolings for their activation. These are 
easily reached across the whole cavity in Case 2 as in Case 3. The segregation of large inoculants 
therefore results only in a redistribution of the grain density, but does not influence the total grain 
population. Small inoculants require large undercoolings, which are reached only close to the chill. 
The segregation of small inoculants does therefore not affect the interior regions, but only increases 
the grain population in the chill region (Figure 6c–d). This results in an increase of the total grain 
population, compared to Case 2. A higher increase rate of the grain population for Case 3, seen in 
Figure 5 also shows that the additional grains are generated at the beginning, during the nucleation of 
the chill region. 

 

/  
 

  
 a) 2nd class, t=10s b) 2nd class, t=40s 
 

/  
 

  
 c) 7th class, t=10s d) 7th class, t=800s 
 Figure 6. Maps of relative inoculant density, intrinsic liquid velocity 

streamlines in black and liquidus and solidus isolines in white (shown by solid 
fraction contour), for the 2nd and the 7th inoculant classes, at different times, for 
Case 3. 

 
4.4. Case 4: Impact of grain motion 
It has been seen through the first three cases that the nucleation law and the inoculant motion do not 
impact the macrosegregation pattern but only increase the microstructure heterogeneities. In Case 4, 
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the grain motion is added to these two phenomena, and differences are noticed in both microstructure 
and macrosegregation.  
 Without grain motion, the flow is counter-clockwise as the richer and colder liquid is heavier. 
When grain motion is added, the direction of the flow could be modified as the grains, which are 
lighter than the liquid, tend to float upwards along the solidification front. However, the density 
difference between the two phases is not high enough to do so. The average density is still increasing 
with the solid fraction, as can be seen in Figure, so the decrease in density due to solidification is more 
than compensated by the liquid enrichment and cooling. Thus the main flow direction is not modified 
as can be seen in Figure 7, but its pattern is totally changed as a second loop appears at the bottom. 
This change in flow pattern induces modifications in both macrosegregation and microstructure.  

 The impact of grain motion on macrosegregation 
can be seen by comparing the macrosegregation maps 
for Case 1 and Case 4 (Figure 8). The 
macrosegregation, which is not altered when 
nucleation is taken into account, is highly modified 
by the grain motion. The grain flotation results in 
accumulation of solute-lean grains towards the top of 
the cavity, and thus in a vertical, downward oriented 
concentration gradient.  In Figure 7, the packing 
fraction isoline position is a sign of the accumulation 
of grains at the top. The only exception is the 10 mm 
thick columnar zone next to the chill, where the 
grains are fixed; therefore the pattern remains similar 
to case 3.  
 The microstructure is also changed by the grain 
motion after the columnar zone. Next to it, the newly 
nucleated grains are continuously swept away by the 
liquid. Thus the nucleation-growth competition is 

modified and a high undercooling is maintained. As a consequence, more grains are formed, which 
can be seen in Figure 5. The total number of grains increases at the same speed as in Case 3 in the 
columnar zone, but when the activation zone reaches the equiaxed zone, grains are formed faster. The 
transport of the grains leads to a more homogeneous distribution of the grain density. This is clearly 
seen in Figure 4a. The average grain density is higher and its distribution across the cavity is more 
homogeneous. The grain density also increases from the bottom to the top, as can be seen in Figure 4b, 
which is not surprising as the grains float. 
  
5. Discussion and conclusion 
The goal of this paper was to study the impact of the nucleation modelling and the grain motion on the 
microstructure and the macrosegregation formation in the case of a small casting of Al-22%Cu. We 
did not try to fit the experimental results, as many parameter values, as well the heat extraction rate 
evolution and the effective inoculant distribution are insufficiently or not at all characterized. But by 
studying increasingly complex modelling, tendencies are noticed and the phenomena responsible for 
them are identified.  
 The macrosegregation pattern is shown in Figure 8 for cases 1 and 4 and for the experimental data 
given in [7] (the values measured at the points are interpolated). We notice that the main segregation 
gradient is directed toward the right-bottom corner of the cavity in Case 1, and that it is almost vertical 
in Case 4. Qualitatively, we can compare the experimental result to these two patterns: it seems to be a 
combination of these two tendencies with a vertical gradient at the left side of the cavity and a gradient 
directed to the right-bottom corner at the end of the solidification. Thus it can be supposed that the 
grain motion impact is reduced at the end of solidification when only few grains remain in the mushy 

Figure 7. Map of solid fraction, liquidus, 
packing and solidus contours (trough solid 
fraction) in white and intrinsic liquid velocity 
streamlines in black at 120s for Case 4. 
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