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Objectives 

 To have a perspective of precipitates in as-cast Mg-Al-Ca 

alloys from Scheil cooling calculation by FactSage 

 

 To acquire heat treatment temperatures for Mg-Al-Ca 

alloys from equilibrium calculation by FactSage 

 

 To model the kinetics of precipitation during ageing 

treatment by using classical nucleation and growth theory 

 



Background of the project 

 Addition of Ca into Mg-Al alloys  
 Refinement of the microstructure --- Improvement of formability of 

sheets 

 Strengthening 

 Inexpensive alloy element comparing with the rare earth elements 

 Increase the ignition temperature --- Protecting the melting surface 
from oxidation 

 Experimental alloys 

 

 
Alloy Composition Range 

Al (wt.%) Ca (wt.%) Mg (wt.%) 

Alloy 1 0.1 0.5 Balance 

Alloy 2 0.3 0.2 Balance 

Table 1 Nominal compositions of two selected Mg-Al-Ca alloys 



Thermodynamics calculation 

 Scheil cooling diagram of Mg-0.3Al-0.2Ca 

 

Formation of Laves 

C14#1) phase: 

0.22wt% Mg2Ca  

0.11wt% Al2Ca 

Scheil cooling  

 

Composition of as-

cast alloys 



Thermodynamics calculation 

Mg 

Al Ca 

 SEM results of Mg-0.3Al-0.2Ca 

 
Higher 

Mag. 



Thermodynamics calculation 

 Scheil cooling diagram of Mg-0.1Al-0.5Ca 

Formation of Laves 

C14#1phase: 

0.8wt% Mg2Ca  

0.06wt% Al2Ca 



Thermodynamics calculation 

 SEM results of Mg-0.1Al-0.5Ca 

Formation of Laves 

C14#1phase: 

0.8wt% Mg2Ca  

0.06wt% Al2Ca 

The precipitates in theses two 

as-cast Mg-Al-Ca alloys are 

(Mg,Al)2Ca and a-Mg 

eutectic structure. 

Mg 

Al 
Ca 

Higher 

Mag. 



Thermodynamics calculation 

 Equilibrium diagrams of Mg-0.3Al-0.2Ca 

 

Precipitates in alloy 1 

are: Al2Ca(Laves 15) 

 

Heat treatment 

temperature range: 

400-610oC  



Thermodynamics calculation 

 Metallographic picture of solution heat treated Mg-0.1Al-0.5Ca alloy 

 

450oC&8h 

1000X 

400oC&8h 

1000X 

As-cast 

1000X 

500oC&8h 

1000X 

FactSage: Heat 

treatment 

temperature 

range: 430-

580oC 

Experiment: 

Precipitates 

are almost 

disolved into 

matrix at 

500oC for 8h.  



Thermodynamics calculation 

 Equilibrium diagrams of Mg-0.1Al-0.5Ca 

 

Precipitates in alloy 2 

are: Mg2Ca(Laves 14) 

 

Heat treatment 

temperature range: 

430-580oC  



Thermodynamics calculation 

FactSage: Heat treatment temperature 

range: 430-580oC 

Experiment: Precipitates are almost 

disolved into matrix at 500oC for 8h.  

500oC&8h 

1000X 

As-cast 

1000X 

450oC&8h 

1000X 

 Metallographic picture of solution heat treated Mg-0.1Al-0.5Ca alloy 

 



Kinetics 
—Classical nucleation and growth theory 

 Nucleation 

N0    -- the number of nucleation site per unit volume;  

           N0=3/(4× 3.14× R*3) 

△G* -- the energy required to form a critical nucleus of radius R* 

Nucleation rate: (Kampmann and Wagner Equation) 

Z     -- the Zeldovich factor 

β*   --the condensation rate of solute atoms in a cluster of critical size R * 



 Nucleation 

 

Kinetics 
—Classical nucleation and growth theory 

VP
at -- the mean atomic volume within precipitates 

γ  -- the specific interfacial energy  

D --diffusion coefficient of solute atoms  

X --the matrix mean solute atom fraction 

a --the lattice parameter of matrix 

τ -- incubation time for nucleation 

In multi-component precipitates, the addition of condensation characteristic 

times for each atomic species i gives: 
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Xp -- mole fraction of precipitates  

X  -- mean solute mole fraction in the matrix  

Xi -- equilibrium solute mole fraction at the precipitate/matrix interface 

    --  mean radius of precipitates 

D -- diffusion coefficient 

α -- the ratio of matrix to precipitates atomic volumes (mean volume per atom) 

vP
at -- the mean atomic volume within precipitates 

vM
at -- the mean atomic volume within matrix 

 Growth 

Kinetics 
—Classical nucleation and growth theory 



 Another equation for growth 

 

D -- diffusion coefficient 

R --  radius of precipitates 

C  -- the current solute concentration of the 

Ceq -- equilibrium solute concentration of the matrix 

α -- The numerical factor a in equation accounts for the fact that nucleated 

precipitates can grow only if their radius is slightly larger than the 

nucleation radius. The precise value of a is of no consequence on the 

results of the model. It was taken a= 1.05 in the following. 

Kinetics 
—Classical nucleation and growth theory 



 Coarsen 

  When the mean radius and the critical radius 

are equal, the conditions for the standard LSW 

law are fulfilled : 

  When the mean radius of precipitates is much 

larger than the critical radius R*, equations 

describing pure growth are valid: 

  The rate of variation of the 

density of precipitates in pure 

coarsening: 

Kinetics 
—Classical nucleation and growth theory 



Kinetics 
—For ternary alloy application 

 Nucleation   

 The addition of an extra component leads considerably to the 

complexity in obtaining a rigorous solution for the nucleation rate.  

 Unlike in the binary case, in a multi-component system, there are 

multiple pathways across the nucleation energy barrier, and which 

path is followed depends on both kinetic and thermodynamic 

factors. Although this problem has been solved rigorously for simple 

systems, the solution is mathematically complex and does not 

account for solute depletion.  

 It is difficult to justify this level of complexity given the large 

uncertainty in the predicted nucleation rate that arises from a lack 

of accurate knowledge of the interfacial energy. 



 Growth 

 Calculating the growth rate of each precipitate 
requires a knowledge of the interfacial compositions. 
Local equilibrium is maintained at the interface as 
growth and dissolution occur.  

 In a binary system the interfacial compositions are 
uniquely defined by a single tie line on the phase 
diagram. In the ternary case, there is an additional 
degree of freedom, and for any temperature there are 
a whole series of tie lines that lead to local equilibrium 
at the interface.  

 

Kinetics 
—For ternary alloy application 



 Assumptions 

  For the binary precipitates (Mg2Ca) with matrix element (Mg) in 

ternary alloys, the important simplification is that the ternary nature 

of the alloy is not taken into account, the alloy is considered to be 

pseudo-binary, with an equivalent solute having its own equilibrium 

concentration and diffusion constant. 

 For the binary precipitates (Al2Ca) without matrix element (Mg), the 

growth rate depends on the element with lower diffusivity.   

 

Kinetics 
—For ternary alloy application 



Alloy 1  Allloy2 

Weight percentage Mg-0.3Al-0.2Ca Mg-0.1Al-0.5Ca 

Mole percentage 0.9961Mg-0.0027Al-

0.0012Ca 

0.9961Mg-0.0009Al-

0.003Ca 

Mole fraction of matrix 0.9961 0.9961 

Mole fraction of solute 

element 

Al-0.0027 

Ca-0.0012 

Ca-0.003 

Atomic ratio solute 

element 1 in compound  

(Precipitates--Al2Ca) 

2 

(Precipitates--Mg2Ca) 

2 

Atomic ratio solute 

element 2 in compound  

(Precipitates--Al2Ca) 

1 

(Precipitates--Mg2Ca) 

1 

Molar volume of 

compound (m3/mol) 

4.6*10-5 4.93*10-5 

 Input parameters 
 

 

 

Kinetics  
– Input parameters 



Kinetics  
– Selection of input parameters from literature  

 Selection of input parameters from literature 

 Inter-diffusivity of Ca in Mg 

 

 

 Diffusion coefficient (D0 is the pre-exponential factor (m2/s), Q is the 
activation energy of diffusion (J/mol), R is the gas constant(8.3145), 
T is the absolute temperature) 

  T1 is chosen as the melting point of calcium (1111K), DT1 is estimated 
to be 10−12 (m2/s), Q is approximated as 166 kJ/mol . 

 

 

 

 At 505°C, this gives DT2= 4.62× 10-16(m2/s) for the diffusion of 
calcium in magnesium.  

 D0=6.8× 10-5 J/m2 

 
 



Kinetics  
– Selection of input parameters from literature  

 Selection of input parameters from literature 

 Inter-diffusivity of Al in Mg 

 An activation energy (Q) for diffusion of 125 kJ/mol and A pre-
exponential (D0) of 4× 10-4 m2/s 

 
 

 



Kinetics  
– Selection of input parameters from literature  

 Selection of input parameters from literature 

 Calculation of diffusivity of Ca in Mg and Al in Mg with different temperature 

 
 

 

  The diffusivity of Ca in Mg is almost104  smaller than that of Al in 

Mg, so the growth of Al2Ca depends on the diffusivity of Ca. 



Kinetics 

 – Selection of input parameters from literature  

 Selection of input parameters from literature 

 Inter-facial energy 

 MgZn2: 65± 18 mJ/m2  

 Mg2Sn:  410± 120 mJ/m2  

 Mg2Sn particles are plate-like and mainly equiaxed in the a-Mg-matrix 

while precipitates of MgZn2 have a needle-like shape and are semi-

coherent during almost all stages of growth and coarsening  

 The low value of interface surface energy is in line with the coherent 

interface between MgZn2 precipitates and Mg-matrix. A rather large value 

is indicative of incoherent interfaces between Mg2Sn-particles and Mg. 

 Mg17Al12 :114 mJ/m2 (Literature) 

 Assume Mg2Ca(hcp—coherent with matrix(Mg))-- 50mJ/m2 

 Assume Al2Ca(fcc—incoherent with matrix(Mg))--100mJ/m2 



Kinetics 
—Calculation input parameters from FactSage 
 

 Formation energy of the precipitate 

 ΔG= ΔG0 + RTlnK 

 ΔG0 -- Standard formation energy of precipitates– from FactSage 

  2Mg (hcp) +Ca (fcc)= Mg2Ca(s) 

 2Al (fcc) + Ca (fcc)= Al2Ca(s) 

 K=1/(a(Mg)2+a(Ca)1)  

 a -- Activity of elements – from Factsage 

 Mean atomic volume of precipitates 

 vP
at =V/((x+y)*1000*6.02*!023) 

 V—Mole volume--from FactSage 

 Solute concentration at the interface of precipitates and matrix 

 —from FactSage 



Kinetics 
 —Calculation input parameters from FactSage 

 Activity of solute element 

 



 Activity of solute element 

 

Kinetics 
 —Calculation input parameters from FactSage 



Kinetics 
 —Calculation input parameters from FactSage 

 Activity of solute element 

 



 Standard formation energy 

 

 

Kinetics 
 —Calculation input parameters from FactSage 



Kinetics 
 —Calculation input parameters from FactSage 

 Standard formation energy 

 

 



Kinetics 
 —Calculation input parameters from FactSage 

 Standard formation energy 

 

 



Kinetics 
 —Calculation input parameters from FactSage 

 Mean atomic volume of precipitates 

 

 



Kinetics 
 —Calculation input parameters from FactSage 

 Mean atomic volume of precipitates 

 

 



Kinetics 
 —Calculation input parameters from FactSage 

 Mean atomic volume of precipitates 

 

 

Mean atomic volume of 

precipitates(AxBy): 

VP
at= V /((x+y) × 1000 

× 6.02 × 10-23) 



 Mean atomic volume of matrix 

 

 

Kinetics 
 —Calculation input parameters from FactSage 



 Mean atomic volume of matrix 

 

Kinetics 
 —Calculation input parameters from FactSage 



 Mean atomic volume of matrix 

 

Kinetics 
 —Calculation input parameters from FactSage 



 Equilibrium concentration at the matrix/precipitates interface  

Kinetics 
 —Calculation input parameters from FactSage 



Kinetics 
 —Calculation input parameters from FactSage 

 Equilibrium concentration at the matrix/precipitates interface  



Kinetics 
 —Calculation input parameters from FactSage 

 Equilibrium concentration at the matrix/precipitates interface  

 



Kinetics 
 —Calculation input parameters from FactSage 

 Equilibrium concentration at the matrix/precipitates interface  

 



Kinetics  
–Results (TTT diagram) 

Alloy 1: Mg-0.0027Al-0.0012Ca---Al2Ca precipitates 

 The incubation time of alloy 1 is 1590 

seconds (26.5minutes) at 633K (360oC). 



Kinetics 
 –Results (TTT diagram) 

Alloy 2: Mg-0.0009Al-0.003Ca---Mg2Ca precipitates 

  The incubation time of alloy 2 is 21300 

second (5.9 hours) at 613K (340oC). 



Discussion 

 The incubation time of alloy 1 is 26.5minutes at 633K (360oC). 
However, the incubation time of alloy 2 is 5.9 hours at 613K (340oC).  

 Effects on the incubation time 

 

 Incubation time has an inverse relationship with Z factor and β*.  

 Effect of diffusivity and interfacial energy on β* and Z factor 

 

 

 β* ∝DXγ2/△g2  and  Z ∝ -△g/ γ3/2       β*Z2 ∝DX/γ1/2  

 Increasing of γ decreases Z, while increasing of γ increases β*. 
Increasing of D increases β*. 

 Higher diffusivity, higher concentration of solute element and lower 
interfacial energy results in lower incubation time. 
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Discussion 

 Effect of 
interfacial energy 
on incubation time 

 
For example: 

Mg-0.0009Al-0.003Ca 

If interfacial energy 

changes from 50mJ/m2 

to 10mJ/m2, the Z 

factor will increase 

almost101 and β* will 

decrease 102 ,and 

then the incubation time 

will reduce near 101. 



Discussion 

 Effect of interfacial energy on Zeldvich factor 

 Increasing of interfacial energy decreases the Z factor. 

 The Zeldovich factor is often called the Zeldovich non-
equilibrium factor. The actual concentration of clusters of size is 
smaller than the equilibrium concentration, and many 
supercritical clusters decay back to smaller sizes. The actual 
nucleation rate is therefore smaller and Z corrects for these 
effects.  

 The dimensionless term is often called the Zeldovich factor and 
has a magnitude typically near 10-1 . 

 From previous example, when the interfacial energy of Mg2Ca 
is either 50mJ/m2 or 10mJ/m2, the Z factor will be from 10-2 
to10-6 or from 10-1 to 10-5 . The value of Z factor could be the 
factor to introduce error in the calculation of incubation time.  
 

 



Summary 

 The precipitates in as-cast microstructure is eutectic 

structure with (Mg,Al)2Ca and a-Mg. So Scheil cooling 

gives good prediction of composition of precipitates 

in as-cast structure. 

 The equilibrium calculation gives good prediction of 

heat treatment temperature range. 

 From kinetics modeling of precipitation, the incubation 

time of alloy 1 is 26.5minutes at 633K (360oC). 

However, the incubation time of alloy 2 is 5.9 hours at 

613K (340oC) . 
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