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Abstract. A dedicated diffusion controlled precipitation model for AlMnFeSi-alloys, based on 

classical nucleation and growth theory, has been implemented and coupled to a phenomenological 

softening model accounting for the combined effect of recovery and recrystallization during 

annealing after cold rolling. The result is a fully coupled precipitation and softening model which in 

principle is capable of predicting for variations in solute levels and size and volume fraction of 

dispersoids and their interaction with the softening behavior during annealing. 

Introduction 

AA3xxx aluminium alloys, containing Mn as the main alloying element are widely used in 

packaging and architecture industry. These alloys are recognized to be highly cost effective and 

combine good corrosion properties and formability with moderate strength. The last two properties 

are mainly controlled by the grain structure/size in the material and show opposite trends with 

increasing grain size: mechanical strength decreases whereas the material becomes less subject to 

corrosion. Depending on the targeted applications a compromise between these two properties has 

to be made by controlling the softening behavior. The final grain structure results from the 

recovery/recrystallization behavior during the final heat treatment after cold rolling and is often 

strongly influenced by concurrent precipitation. The solute still in solid solution may precipitate 

inside grains and/or on subgrain/grain boundaries, hindering their migrations and leading then to 

slow kinetics and coarse grains. So the ability to simulate concurrent precipitation is of major 

industrial interest. First, the precipitation and recrystallization model will be briefly introduced, 

afterwards their coupling very shortly described and finally applied on a generic test case. 

Precipitation model 

The precipitation model aims to simulate the precipitation kinetics of the two main phases in 

AA3xxx type alloys: ( )6Al Fe,Mn  and ( )17 24
Al Fe,Mn Si . The model is based on the discretization 

of the radius distribution for each type of precipitate and the determination of the precipitate number 

density in each class is performed at each time step [1]. The particle size distribution ϕ  is governed 

by the partial differential equation: 
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with v the growth rate of the precipitates and j the nucleation rate. As the precipitates are non-

stoichiometric, it is necessary to track how the precipitate chemistry changes with time. It is 

achieved by introducing a new distribution Feϕ  which determines the number of iron atoms trapped 

in the precipitates of size r and r+dr and is governed by the following partial differential equation: 
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with m, n and p the stoichiometric numbers respectively for Al, atomic sites for Fe and Mn, and Si, 
P

atv  the mean atomic volume inside the precipitates, int

Fef  the fraction of Fe, Mn sites occupied by 

iron atoms at the interface matrix/precipitates. Eq. 2 has an additional source term 
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 compared to Eq. 1 to take into account that during the growth/dissolution of 

precipitates iron atoms are absorbed/released from/to the solid solution. The expression of this 

source term is based on the assumption that all precipitates in the same size class have the same 

chemical composition P

Fef . Then the “chemical” class distribution Feϕ  scales with the size class 

distribution ϕ : 
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To perform the calculation of the evolution of ϕ  and 
Fe

ϕ  with time, the velocity of the 

precipitates must be determined. First, local equilibrium at the interface matrix/precipitates will be 

assumed maintained. To be able to calculate interfacial concentrations without the help of a 

thermodynamic software (like Thermo-Calc [2]), a simplified thermodynamic description of the 

system is used: the aluminium solid solution is supposed regular and the precipitates ( )6Al Fe,Mn  

and ( )17 24
Al Fe,Mn Si  an ideal solid solution of their end-members phases. It has been demonstrated 

that these two assumptions give a reasonable description of phase diagrams in the Al rich corner [3]. 

Then the interfacial concentrations must fulfill the following solubility products [4]: 
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is the Gibbs-Thomson factor that describes the influence of 

precipitate curvature on interfacial concentrations. The last two relationships do not define 

univocally the interfacial compositions. Therefore, an additional constraint is required, which is that 

the diffusion flux of every element towards (or away from) the interface must be such that the 

interface velocity is the same regardless of which element is considered: 
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with , ,P P P

Fe Mn Six x x  the atomic fraction of Fe, Mn and Si inside the precipitates corrected by a factor 

taking into account that the mean atomic volume inside the precipitate P

atv  is different from the 

mean atomic volume in solid solution. 
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Recovery and Recrystallization Model 

Only a short overview of this model (nicknamed AlSoft) will be given because it has been 

covered thoroughly in previous articles [5-7]. In this model these phenomena are reduced to the 

evolution of three variables: the mean subgrain size δ ,  the dislocation density inside subgrains
iρ , 

and the radius of the recrystallized grain r. Upon annealing, dislocations stored during the process of 

deformation will be annihilated and rearranged in low energy patterns (low angle boundaries). The 

reaction rate of these two mechanisms is mainly set by dislocation velocity which in our treatment is 

assumed controlled by solute drag. Then the evolutions with time of ρ  and δ  take the form: 
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Here G is the shear modulus, b is Burgers vector Dv  is the Debye frequency, k is Bolzmann’s 

constant, , ,and eρ δ ρ δω are model parameters, and ,Bρ δ  alloy specific fitting constants. css is an 

effective level of solute and Ua an activation energy, which in the case of solute drag equals that of 

diffusion of solutes. 

The arrangement of dislocations and subgrains is the driving force DP  for the grain boundary 

migration of the recrystallized grains: 
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with SGBγ  the interfacial energy of the subgrain boundaries. During its migration, the grain boundary 

is hindered by second-phase particles and solute atoms and then moves at a velocity V: 
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with ( )M t  the extrinsic mobility of the grain boundary resulting from the drag of the solute atoms 
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The nucleation of recrystallized grains is covered elsewhere in the literature [7]. 

Coupling between the two models 

The actual softening behavior results from the interaction between recrystallization and 

precipitation. As high angle boundaries are favorable sites for nucleation of α -precipitates, α -

precipitates will nucleate preferably on them leading to pinning and a slowing down of its 

migration. The interaction between the two phenomena is simulated by running consecutively the 

precipitation model and the softening model (through a strong coupling) at each small time steps 

and by exchanging the updated values of the relevant state variables needed 

,( , , , , , )i rex rex ss m vX D c r fρ δ by the respective  models at the beginning of each time step. 
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Model Predictions 

Model calculations have been carried out by assuming an initial deformed structure with 
13 -29.510 mρ =  and 0.32 µmδ = and an initial precipitation state with ( )6Al Fe,Mn  constituents 

having a 2.72%vf =
 
and 1500 nmmr =

 
and ( )17 24

Al Fe,Mn Si  dispersoids having a 0.05%vf =
 
and 

20 nmmr =
. 

The evolution in recrystallized fraction and grain size for two different isothermal 

treatments at 300°C and 325°C have been calculated and plotted on Fig.1a). For comparison, the 

softening model has been run without any coupling with the precipitation model, and the results 

have been plotted on Fig.1b). For both temperatures it is seen that with concurrent precipitation 

recrystallization is retarded, and at the lower temperature even stopped before complete 

recrystallization due the Zener drag ZP  becoming larger than the driving pressure DP . The grain size, 

however, is barely not affected in these particular cases, as site saturation is assumed and concurrent 

precipitation only influence growth. 

 

 
 

(a) (b) 

 

Fig 1: Evolution of the recrystallized fraction and grain size at 300°C (thin lines) and 325°C (thick 

lines) (a) when the two models are coupled and (b) when the recrystallization model is run alone 

with the same initial conditions. 

Conclusion  

A recovery and recrystallization model and a precipitation model have been coupled together to 

simulate concurrent precipitation occurring during back-annealing of AA3xxx type alloys. Some 

very preliminary results have demonstrated that key aspects of this phenomenon, like the slowing 

down the kinetics of the recrystallization process are reproduced. 
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