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During solidification metallic alloys undergo a continuous transition from the liquid to the solid 
state. At first, solid dendrites growth and are free to move in the liquid matrix. In this case, the 
alloy can be considered as a suspension. As solidification progresses, interactions between 
dendrites occur and the mush develops shear strength due to dendrite entanglement. For 
higher solid fractions, dendrites interlock, solid skeletons are built and the mush reaches 
mechanical coherence. At that state, the solid skeleton densifies under external pressure 
(expelling liquid) or dilates under tensile loading (draining liquid). Toward the end of 
solidification, solid grains starts to coalescence and liquid feeding drops drastically. The 
complexity of the solid-liquid interactions at the micro-scale at each solidification state makes 
their characterization and rheological modeling difficult and delicate.  

Our aim is to develop for each semi-solid regime (coherent and non-coherent) a specific 
constitutive law depending on microstructural features like fraction solid and grain size, which 
are extracted from a coupled multi-phase field simulation of the microstructure evolution [1]. 
This way, equiaxed solidification can be distinguished from directional one. These simulations 
show also that, due to undercooling and recalescence phenomena, the temperature is not 
unique in the mushy regime and thus the developed constitutive laws have to be formulated in 
function of fraction solid instead of the temperature. The effective thermoelastic properties of 
the mushy zone are derived by homogenization of the simulated microstructures [1]. In 
addition, the nonlinear behaviour of the coherent semi-solid phase on the macro-scale is 
described by an original single surface viscoplastic flow potential that includes micro-structural 
parameters and takes the internal cohesion of the solid skeleton into account. The variation of 
the cohesion with the fraction solid is described either by a simple law or by a loading 
dependent evolution law [2]. The proposed viscoplastic potential takes the effect of isotropic 
and kinematic hardening, pressure dependence of yielding and the strength difference in 
tension and compression of the coherent semi-solid state into account. For the non-coherent 
mushy state, presenting some shear resistance, a simplified viscoplastic potential is adopted. 
It neglects kinematic hardening and pressure effects on the solid dendrites and describes large 
plastic flow under shear loading. The continuity condition at mechanical coherence allows us 
to reduce the additional microstructure parameters for the non-coherent regime to one. The 
developed constitutive laws are then implemented in a finite element casting simulation tool, 
which allows us to identify the model parameters for an A356 aluminium alloy by simulating 
uniaxial tension, compression or pure shear experiments [3].   
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