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Abstract

Realistic predictions of macrosegregation formation during 
solidification of aluminium alloys require an accurate modeling of 
solute microsegregation accounting for multicomponent phase 
diagrams and secondary phase formation. In the present work, the 
stand alone ALSTRUC model, a microsegregation model for 
industrial multicomponent aluminium alloys, is coupled with the 
continuum model ALSIM which calculates the macroscopic 
transport of mass, enthalpy, momentum, and solutes during 
solidification of aluminium. Alstruc deals with multicomponent 
alloys accounting for temperature dependent partition coefficients, 
liquidus slopes and the precipitation of secondary phases. The 
challenge associated with computation of microsegregation for 
multicomponent alloys is solved in ALSTRUC by approximating 
the phase diagram data by simple, analytical expressions which 
allows for a CPU-time efficient coupling with the macroscopic 
transport model. In the present work, a  coupling strategy is 
proposed where macroscopic transport quantities such as the 
enthalpy and the solute compositions are used as input to the 
microsegregation model which then returns the temperature, solid 
fraction and the compositions in the solid and the liquid phases. 
The coupled solidification model is then applied in a case study to 
illustrate the effect of secondary phase precipitation on 
macrosegregation formation due to shrinkage induced flow. 

Introduction 

Macrosegregation, the non-homogeneous chemical composition 
on the length scale of the casting, is one of several possible 
defects in casting. Mathematical models quantifying the formation 
of macrosegregation are well-established and based on mixing 
theory or volume-averaging of the conservation laws for mass, 
solute mass, enthalpy, and momentum [3]. These models need a 
sub-model by which the values of the liquid fraction and solute 
concentrations or their variations in the liquid phase in a given 
volume element are related to the values of the enthalpy (or 
temperature) and total solute concentrations. The basis for these 
solidification path models is a microsegregation model that 
calculates the solute concentration in the dendrite (arm) during the 
solidification process as well as the amount and composition of 
the secondary phases that precipitate. Microsegregation models 
need input from thermodynamical phase diagrams. Although 
databases for multicomponent aluminium alloys [4-7] are 
available, multi-component microsegregation models have only to 
a limited extent been coupled to macrosegregation models [8-12]. 
Macrosegregation development implies a change in the total 
solute concentration in the volume elements and it is not possible 
to use a unique solidification path throughout the whole casting. 
The solidification path needs to be updated at each time step and 

for each volume element of the macro model. This can be quite 
computer time and storage demanding as the microsegregation 
model also needs updated phase diagram data.

In the present work, the ALSTRUC model, a microsegregation 
model for industrial multicomponent aluminium alloys, is 
extended for application as a micro-module for macrosegregation 
computations. The module is coupled with the continuum model 
ALSIM which calculates the macroscopic transport of mass, 
enthalpy, momentum, and solute in aluminium casting. The 
challenge associated with computation of microsegregation for 
multicomponent alloys is solved in ALSTRUC by approximating 
the phase diagram data by simple, analytical expressions which 
allows for a CPU-time efficient coupling with the macroscopic 
transport model. Preliminary assessments demonstrating the 
usefulness of the new module has been presented elsewhere [15,
26]. In this study the coupled models are applied in a simplified 
DC-casting study. 

Model description
ALSIM

Alsim [2,16,17] calculates the development of heat, fluid flow, 
stresses, and deformation during casting. For aluminium DC 
casting situations, the model addresses the thermal and fluid flow 
boundary conditions to a very high level of details regarding 
contact zones, air gap sizes, and water hit points. This also 
includes the effect upon the surface heat transfer and associated 
surface exudation caused by air-gap formation [17, 18]. Alsim 
also address the formation of macrosegregation. For a fixed solid 
(vs=0) the mass and momentum equations are given by: 
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where l, s, gl, gs, vl, pl, , fi
l , g and K are the mixture density 

( = l gl + s gs), liquid density (assumed constant except in the 
buoyancy term using the Boussinesq approximation), solid 
density, liquid volume fraction, solid volume fraction, liquid 
velocity, liquid pressure, kinematic viscosity, gravity vector and 
permeability, respectively. Solidification shrinkage, interfacial 
friction, and macroscopic viscous stress contribution are included.
For the sake of simplicity, the contribution from thermo-solutal 
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convection is neglected here. For solute conservation the 
following mixture equations are applied:
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where ci is the mixture concentration for element i, and ci = l gl

ci
l + s gs ci

s. Di is the mixture diffusion constant and Di = l gl Di
l

+ s gs Di
s. The term in the right-hand side of Eq. (3) is added for 

numerical stability reasons. Similar for energy conservation the 
following mixture enthalpy equation is applied:
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where h is the mixture enthalpy and l gl hl + s gs hs , and 
is the mixture thermal conductivity ( = gl l + gs s).

ALSTRUC

ALSTRUC [1] calculates the solidification path of 
AlMgCuFeMnSi alloys in the Al rich corner of the phase diagram. 
ALSTRUC also handles additions of Cr, V, Sr, Ti, and Zn in 
commercial alloys. The model uses the well-established 
assumptions of full miscibility in the liquid and thermodynamic 
equilibrium at the solid/liquid interface and accounts for solid-
state diffusion and particle growth undercooling. A constant total 
alloy composition is input along with the cooling rate and the final 
characteristic dendrite arm length. By gradually changing the 
solid fraction in a step-wise manner, Alstruc computes the solute 
concentrations in the liquid phase, the temperature, the alloying 
element concentration profiles and the amount and composition of 
the various secondary phases in a simplified geometrical 
representation of the dendrite arm. Phase diagrams are formulated 
as simple, approximate, analytical expressions. Computer time 
and storage demanding calls to a thermodynamic data base, or 
alternatively, use of numerical mapping of such data [9,11], is 
thus avoided. The amount and concentration of the secondary 
phases are calculated at the end of each step by considering 
solubility products assuming that all secondary phases are 
precipitated from the liquid phase. The model parameters have 
been tuned to metallographic investigations of solidification 
microstructures in samples from numerous experiments [20-25].

The ALSTRUC/ALSIM coupling
The ALSIM/ALSTRUC coupling is carried out through a 
dynamically linked library (DLL).  The solid phase diffusion of 
the alloying elements in the dendrite arms is neglected (Scheil-
Gulliver approximation). This simplification also keeps the 
computation time and data storage low because the alloy 
concentration profiles do not need to be traced at the nodal points 
of Alsim. Input to the micro-model are the Alsim predicted values 
of the enthalpy and average alloy compositions at the start and 
end of the time step along with values for the solid fraction, 
alloying element concentrations in the liquid phase, and 
temperature at the beginning of the step. To compute the change 
in solid fraction, the Alstruc micro-model requires the change in 
liquid composition without considering solidification as input.
The latter is computed from the total average concentration at the 
end of the time step in the following manner: 
       

cl
i
Alstruc=(ci(t) – fs(t-1)·ci

s(t-1)) /( fs(t-1)-1)                            (5)

where ci(t) is the average total concentration at the end of the step, 
fs(t-1) is the fraction of solid and ci

s(t-1) the composition of the 
solid at the beginning of the step. The approach is justified by the 
different time and length scales of the macroscopic and 
microscopic concentration changes. 

The solid fraction, alloying element concentrations in the liquid 
phase and temperature at the end of the time step are calculated by 
integrating differential versions of the Scheil-Gulliver-like 
equations before precipitation of secondary phases. 

Model application

The model is applied to study the macrosegregation formation in 
DC cast round billets with ingot diameter 315 mm. The casting 
speed is kept constant at 50 mm/min. The 2D axisymmetric 
solution domain is shown in Figure 1. Simplified inlet and heat 
transfer conditions are applied as defined in Figure 1 where the 
secondary cooling is given by [27]:
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The water flow rate, Q, is 40 l/min. The simulations are transient 
including heat transfer, shrinkage induced flow and 
macrosegregation and run until steady state. The steady state 
macrosegregation patterns will be discussed.

A 5182 alloy (Al-4wt%Mg-0.4wt%Mn-0.2wt%Si-0.3wt%Fe-
0.1wt%Cu) is studied. In order to study the effect of secondary 
phase precipitation on the macrosegregation formation, two 
different cases are studied: a) the Alstruc module is employed but 
precipitation of secondary phases is omitted and b) the full Alstruc 
module is employed. Figure 2 show the development of the 
compositions of the remaining liquid during solidification at the 
nominal alloy composition both including (solid lines) and 
omitting (dashed lines) precipitation of secondary phases. When 
secondary phases are not accounted for, the liquid concentrations 
increase during solidification as the solute elements are less 
soluble in the solid. Accounting for secondary phases, changes the 
development of the liquid concentration of Mn, Fe, Si and Cu. 
Precipitation of Mn- and Fe-containing secondary phases starts at 
a solid fraction of approximately 0.40, and the concentration of 
Mn and Fe in the remaining liquid therefore decreases from then 
onwards. Precipitation of Si-containing secondary phases start
from a solid fraction of 0.9 and Cu-containing particles from a 
solid fraction of 0.98. 
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Figure 1: Case definition

Figure 2: a) Alloy compositions of the liquid phase as a function 
of the solid fraction during solidification the 5182 at nominal 
composition (no macrosegregation). Data accounting for 
secondary phases are shown with solid lines, whereas data where 
secondary phase precipitation is omitted are shown with dashed
lines.

Results

The computed Mg segregation pattern is shown in Figure 3.a, 
whereas the concentration profile from the center to the surface of 
the ingot is shown if Figure 3b. The segregation pattern in case a)
and b) are similar. Along the surfaces of the ingot a positive 
segregation is obtained (~10 % for both cases) due to the inverse 
segregation phenomenon. In the ingot centre, 6 % (case a) and 7
% (case b) negative relative macrosegregation is obtained due to 
solidification shrinkage.

(a)

(b)

Figure 3: Mg segregation. a) Segregation pattern (wt %) for case a 
and b (white line at fs=1). b) Segregation (%) in the steady state
from center to surface of the ingot.

The computed Mn segregation pattern is shown in Figure 4.a,
whereas the concentration profile from the center to the surface of
the ingot is shown if Figure 4b. Along the surfaces of the ingot 
~9% positive segregation is obtained for case a, but a slight 
negative segregation of ~1 % is calculated for case b. In the center
of the ingot, ~5% negative segregation is obtained for case a, 
however, a slight positive segregation (0.7 %) is obtained for case 
b. The difference between case a and b can be explained by the 
precipitation of the Al6(Mn,Fe) phase. The Al6(Mn,Fe) 
precipitation starts at a solid fraction of approximately 0.4 and the 
concentration of Mn in the remaining liquid decreases from then 
onwards (Figure 2). Plotting the vertical average Mn 
concentration in the center of the ingot, from the fully liquid fully 
solid, (figure 4c), we find that the concentration of Mn decreases
with solid fraction until formation of the eutectic, ending up with 
a negative center for case a). For case b), the average Mn 
concentration decreases until precipitation of the Al6(Mn,Fe) 
phase, and increases before a slight decrease, ending up with a 
spositive center. Similarly, plotting the average concentration 
from the fully liquid perpendicular to the isotherms in the surface 
region of the ingot (figure 4c), we find an increase in the average 
concentration for case a) as the surface region is fed by liquid 
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enriched with Mn. For case b), the concentration increases slightly 
before it decreases as the liquid has lower Mn content due to the 
precipitation of Al6(Mn,Fe).

(a)

(b)

(c)

)

Figure 4: Mn segregation. a) Segregation pattern (wt %) for case a 
and b (white line at fs=1). The grey area is out of range (minimum 
value of 0.365 wt%). b) Segregation (%) in the steady state from 
center to surface of the ingot c) Average concentration profile 
from fully liquid to fully solid through ingot center (red lines) and 
at towards the ingot surface perpendicular to the isotherms (blue 
lines).

The computed Fe segregation pattern is shown in Figure 5a, 
whereas the concentration profile from the center to the surface of
the ingot is shown if Figure 5b. Along the surfaces of the ingot 
~23% positive segregation is obtained for case a) and a slight 
negative segregation ~0.3 % for case b). In the center of the ingot, 
~15% negative segregation is obtained for case a) and a slight 
negative segregation (0.2 %) is obtained for case b). The 
difference between case a) and b) can as for Mn be explained by 
the precipitation of the Al6(Mn,Fe) phase changing the 
distribution of Fe between the solid and liquid phase during 
solidification.

(a)

(b)
Figure 5: Fe segregation. a) Segregation pattern (wt %) for case a 
and b (white line at fs=1). The grey area is out range (minimum 
value 0.23 wt%). b) Segregation (%) in the steady state from 
center to surface of the ingot.

The computed Si segregation pattern is shown in Figure 6a, 
whereas the concentration profile from the center to the surface of 
the ingot is shown if Figure 6b. Along the surfaces of the ingot 
~20% and ~8% positive segregation is obtained for case a) and b)
respectively. In the center of the ingot, ~12% and 7% negative 
segregation is obtained for case a) and b) respectively. The 
difference between case a) and b) can be explained by the 
precipitation of the Mg2Si phase. The precipitation starts at a solid 
fraction of approximately 0.9 and the concentration of Si in the 
remaining liquid decreases from then onwards (Figure 2) which 
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reduces the positive segregation at the surface and the negative 
segregation in the center for case b).

(a)

(b)
Figure 6: Si segregation. a) Segregation pattern (wt %) for case a 
and b (white line at fs=1). b) Segregation (%) in the steady state 
from center to surface of the ingot.

The computed Cu segregation pattern is shown in Figure 7a, 
whereas the concentration profile from the center to the surface of 
the ingot is shown if Figure 7b. The segregation pattern of case a)
and b) differ only slightly. Along the surfaces of the ingot ~20% 
and ~18% positive relative segregation is obtained for case a) and 
b) respectively. In the center of the ingot, ~12% and 10% negative 
segregation is obtained for case a) and b) respectively. The 
precipitation of Cu containing particles starts at a solid fraction of 
approximately 0.98 (Figure 2) with a minor effect on the
distribution of Cu between the liquid and solid phase during 
solidification.

(a)

(b)
Figure 7: Cu segregation. a) Segregation pattern (wt %) for case a 
and b (white line at fs=1). b) Segregation (%) in the steady state 
from center to surface of the ingot.

Summary

The continuum model Alsim has been coupled with the 
microsegregation model Alstruc in order to compute 
macrosegregation for multicomponent Al alloys. The module has 
been used in a case study on DC-casting to illustrate the effect of 
secondary phase precipitation on macrosegregation formation due 
to shrinkage induced flow. Significant differences are observed 
demonstrating the usefulness of the proposed coupling approach 
using the Alstruc module, and emphasizing the need for an 
accurate description of the distribution of solute elements between 
the liquid and solid phase in the calculation of macrosegregation.
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