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Abstract 
 
The precipitation kinetics and microstructure in Mg-Sn binary and 
Mg-Al-Sn ternary alloys are simulated using PanPrecipitation 
coupled with Mg thermodynamic database and a newly 
established mobility database of the Mg-Al-Sn ternary system. 
Both Mg2Sn and Mg17Al12 precipitates are considered in this 
work. The obtained kinetic parameters for these two precipitates 
can be used in the simulation of both individual and concurrent 
precipitations of Mg17Al12 and Mg2Sn in Mg-Al-Sn alloys. The 
simulated microstructure evolution, such as the particle size and 
number density, are in agreement with experimental data. 
 

Introduction
 
Magnesium alloys are considered as promising lightweight 
materials in the transportation industry due to their low density. 
Currently, the most widely used Mg alloys in industry are Mg-Al 
based alloys, but their usage is limited to room temperature 
applications because of their poor creep resistance at elevated 
temperatures. The poor performance of current Mg-Al based 
alloys at temperature above 120oC is caused by the softening of 
grain boundary Mg17Al12, which has a low melting point of 450oC 
[1]. Luo et al. [2] systematically investigated the microstructure 
and mechanical properties of as-cast Mg-Al-Sn alloys and 
suggested that Mg-7Al-2Sn and Mg-7Al-5Sn (wt.%) offer good 
balance of mechanical properties. The Mg-Al-Sn system consists 
of two aging hardening systems, i.e., Mg-Al and Mg-Sn systems. 
By precipitation of fine Mg17Al12 and/or Mg2Sn particles in (Mg) 
matrix during aging, the yield strength of Mg-Al-Sn alloys could 
be improved, as reported from the investigation of Mg-7Al-2Sn 
(wt.%) alloy by Shi et al. [3]. Moreover, the precipitation of 
Mg2Sn with a melting point of 774oC could improve the creep 
resistance of the alloys at elevated temperatures [4]. 
 
In order to develop precipitation hardening in Mg-Al-Sn alloys, 
both experimental and simulation work should be carried out to 
understand the microstructure evolution during aging process and 
its influence on the mechanical properties of the alloys. 
Previously, Zhang et al. [5] has simulated the precipitation of 
AZ91 alloy during aging process with PanPrecipitation of Pandat 
software [6]. In the present work, previous work on AZ91 alloy 
[5] will be extended to simulate the precipitation of Mg2Sn in Mg-
Sn binary alloys and concurrent precipitation of Mg17Al12 and 
Mg2Sn in Mg-Al-Sn ternary alloys during aging. The 
microstructure evolution information, such as number density, 
average particle size etc., will be predicted. 

Methodology
 

The general flowchart of precipitation simulation is shown in Fig. 
1. In order to perform a quantitative simulation, reliable 
thermodynamic and mobility databases for Mg-Al-Sn system 
should be available for extracting accurate thermodynamic and 
mobility data, such as driving force and diffusivity. In the present 
simulation, the PanMagnesium thermodynamic database [7] is 
directly utilized. The atomic mobility database of Mg-Al-Sn 
system is developed in this study based on assessment of diffusion 
data in literature using the CALPHAD approach (CALculation of 
PHAse Diagrams) [8] as a first step. The parameters including 
nucleation site parameter and interfacial energy of Mg2Sn/(Mg) 
are then calibrated from the simulation of the two Mg-Sn alloys in 
this study. The simulated microstructure evolution information, 
such as number density and size of precipitate will be compared 
with experimental data in literature. Finally, by combing the 
parameters for Mg2Sn/Mg in the current work and the modified 
parameters for Mg17Al12/Mg based on previous work [5], the 
concurrent precipitation of two precipitates in Mg-Al-Sn alloys is 
predicted. The basic theories for atomic mobility assessment and 
precipitation simulation are briefly introduced as follows. 
 

 
 

Figure 1. The architecture of PanPrecipitation [5] 
 

Atomic mobility assessment 
According to the absolute rate theory arguments, the atomic 
mobility of the element B, MB can be divided into a frequency 
factor  and an activation enthalpy QB [9, 10]. MB can be 
expressed as [9]: 
 

        (1) 

 
Where R is the gas constant and T is the temperature. The 
parameters  and QB are dependent on temperature, 
composition and pressure. In CALPHAD approach, the 
composition dependency of these two parameters can be 
expressed by a linear combination of the values at each endpoint 
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of the composition space and a Redlich-Kister polynomial [11]: 
 

(2)

Where xi is the molar fraction of element i,  is for pure i and 
represents the value of one endpoint in the composition space. 

and  are the binary and ternary interaction parameters. 
The parameter  is given by 
 
                                  (3)                      
 
Assuming the monovacancy atomic exchange as the main 
diffusion mechanism, the tracer diffusivity  is related to the 
atomic mobility Mi by the Einstein’s relation: 
 

                                                    (4) 
 

For a substitutional solution phase, the interdiffusion coefficient in 
terms of the volume fixed reference frame can be given by the 
following expression: 
 

                                  (5) 

 
Where  is the Kronecker delta ( =1 if i=k, otherwise =0), 

 is the chemical potential. Based on the relations above, the 
parameter  can be numerically assessed by fitting to the 
experimental diffusion coefficients including self diffusivity, 
tracer diffusivity and chemical diffusivity.  

Precipitation simulation 
The classical precipitation model KWN (Kampmann-Wagner-
numerical) model [12] implemented in PanPrecipitation is 
selected for the current work. This model features the capability 
of modeling nucleation, growth and coarsening simultaneously. 
The precipitates are divided into a series of size classes. At each 
time step, the microstructure information in each size class is 
updated taking into account of the concurrence of nucleation, 
growth and coarsening. The matrix composition is updated 
according to the mass conservation equation at the end of each 
step. This model generally consists of three equations. The 
nucleation rate is calculated by the classic nucleation theory: 
 

                                              (6) 

 
N0 is the nucleation site density, Z is the Zeldovich factor and  is 
the rate at which the atoms from the matrix are attached to the 
critical nucleus. G* is the Gibbs energy of formation of a critical 
nucleus. k is the Boltzmann constant, T is the temperature.  is the 
incubation time for nucleation, t is the time. 
The growth of precipitates is expressed by a model proposed by 
Morral and Purdy [13]. This model for multicomponent alloys 
assumes a diffusion-controlled process and takes into account the 
Gibbs-Thomson effect.  
 

                                                                        (7) 

                                                                     (8) 

 

R is the radius of the interface and R* is the radius of the critical 
nucleus. Vm is the molar volume of the precipitate. (C ] and 
[C ) are the row and column vector of the solute concentration 
difference between matrix phase and precipitate. [M] is the 
chemical mobility matrix. The flux of precipitates in and out the 
each size is expressed by the following continuity equation: 
 

                 =     (9) 

 
N(r,t) is the number density of precipitate and v(r,t) is the growth 
velocity.  is the Kronecker delta. rcr is the critical radius. 
 

Results and discussion 
 
Atomic mobility assessment 
There are just a few experimental diffusion coefficients related to 
the hcp(Mg) phase of Mg-Al-Sn system, as listed in Table I. It can 
be seen from Fig. 2 that there is discrepancy among the 
experimental interdiffusion coefficients from Ref. [19-21]. The 
data reported by Kulkarni and Luo [21] are less concentration 
dependent and more self-consistent, while the data from 
Kammerer et al. [19] and Brennan et al. [20] are more 
concentration dependent. More diffusion experiment is needed to 
clarify the discrepancy. 
 
Table I. Summary of experimental data for hcp (Mg) of Mg-Al-Sn 
alloys. 

System Date 
Type 

 Temp. 
range(K) 

Ref. 

Mg Self  
diffusion 

 741-908 [14] 
775-906 [15] 

Mg-Al Impurity 
diffusion 

 573-673 [16] 
635-693 [17] 
623-723 [18] 

Inter- 
diffusion 

 623-723 [19] 
[20] 
[21] 

573-673 
653-693 

Mg-Sn Impurity 
diffusion 

 748-903 [22] 

 
The atomic mobility parameters are listed in Table II and only the 
parameters of nine end members are used without introduction of 

any binary or ternary interaction parameter. The  is directly 
obtained from experimental self diffusion coefficient of Mg [15]. 

 is from experimental impurity diffusion coefficient of Sn in 
hcp(Mg) [22] because no other data are reported.  Since the 
impurity diffusion coefficients of Al in hcp(Mg) from Brennan et 
al. [16] are in agreement with the data from Das et al. [17], their 
data [16] are used for . It should be mentioned that no 
interaction parameter is introduced for Mg-Al system since in the 
optimization process, the atomic mobility of Mg-Al system 
consisted of only four end member parameters could describe the 
interdiffusion coefficient of Ref. [21] , as shown in Fig. 2. The 
introduction of interaction parameters has no significant 
improvement of the fitting to the experimental data. The 
hypothetical end member parameter  is from the estimation of 
Cui et al. [23].  is estimated using the empirical equation [24]. 
 

(10)
                                        (11) 
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QB is the activation energy and D0 is the frequency factor. K 
denotes the crystal structure factor, V is the valence, and a is the 
lattice constant. For metastable Sn with hcp structure, the melting 
point is calculated to be 499K [7], K=15.5 for hcp phase [24], 
V=2.5 [24], a=3.282  [25], so QSn=79862 J/mol and 
D0=2.15576×10-5m2/s. The other hypothetical end members   

and  are assumed to be equal to the mobility parameter  
while  and  are equal to . 
 
Table II Summary of the atomic mobility for Mg, Al and Sn in 
hcp(Mg) of the Mg-Al-Sn system assessed in the present work. 

Mobility Parameter 
Mg  

 

 
Al  

a 
 

Sn  

 
 

a: From assessment by Cui et al. [23] 

 
 

Figure 2. Calculated interdiffusion coefficients in the Mg rich 
region of Mg-Al system along with the experimental data from 
Ref. [19-21]. 
 
Precipitation simulation 
The shape of Mg2Sn precipitate is not spherical according to the 
experimental observations [26]. By assuming shape-preserved 
growth of the precipitate, the shape of the precipitate could be 
treated as sphere [5]. The conversion method described by Zhang 
et al. [5] is used to calculate the equivalent particle size. By 
coupling to the thermodynamic database and the atomic mobility 
parameters described above, the precipitation of Mg2Sn at 200oC 
in two supersaturated Mg-Sn alloys is simulated in the first step. 
Figure 3 shows the calculated number density for the two Mg-Sn 
alloys are in agreement with the experimental data [26]. Figure 4 
shows the predicted radius for Mg-1.9 at.% Sn alloy at 240 hours 
is 128nm, which is consistent with the experimental value of 
112nm [26]. However, for the Mg-1.3 at.% Sn alloy, the simulated 

radius at 1000 hours is 160nm, which is lower than the 
experimental value of 197 nm [26], but still within the 
experimental error range. Table III shows the parameters used for 
the simulation. The nucleation site parameter and interfacial 
energy are two adjustable parameters in the simulation. 
 

Table III Parameters used in the simulation. 
Parameter Value 
Nucleation site parameter  1×10-14 
Interfacial energy of Mg/Mg2Sn 
interface 

0.25 J/m2 

Molar volume of hcp(Mg) matrix 1.4×10-5m3/mol 
Molar volume of Mg2Sn precipitate 1.55×10-5m3/mol 

 

 
Figure 3. Predicted number density of Mg2Sn precipitate in Mg-
1.3 at.% Sn and Mg-1.9 at.% alloys along with the experimental 
data [26]. 
 

 
 
Figure 4. Predicted radius of Mg2Sn precipitate in Mg-1.3 at.% Sn 
and Mg-1.9 at.% alloys along with the experimental data [26]. 
 
By combining the parameters for Mg2Sn and Mg17Al12, the 
concurrent precipitation of Mg17Al12 and Mg2Sn at 200oC in Mg-
7Al-2Sn (wt.%) alloy is simulated. Figure 5 shows the volume 
fractions of of Mg2Sn and Mg17Al12. After about 100 hours, the 
fraction of Mg17Al12 reaches equilibrium value while the fraction 
of Mg2Sn is considerably low. There are two reasons, the 
nucleation of Mg17Al12 is considerably stronger than that of 
Mg2Sn as shown in Fig. 6 and the growth of Mg17Al12 is faster as 
can be seen in Fig.7. According to the simulation, the 
precipitation of Mg17Al12 is much stronger than that of Mg2Sn. 
However, the present simulation utilizes the parameters from 
separate simulations of AZ91 alloy [5] and Mg-Sn alloys. The 
results will be clarified by the ongoing TEM work to investigate 
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how Al could promote the precipitation of Sn in the ternary alloys. 
In addition, by using the microstructure evolution information, 
such as particle size distribution, number density and solute 
concentration in (Mg) as input, the precipitation hardening and 
solid solution hardening could be predicted from empirical 
equations. Thus, the yield strength is obtained and the hardness 
could also be deduced from the relationship between yield 
strength and hardness. 
 

 
 
Figure 5. Predicted volume fraction of Mg17Al12 and Mg2Sn 
precipitates in Mg-7Al-2Sn (wt.%) alloy at 200oC. 

 
Figure 6. Predicted number density of Mg17Al12 and Mg2Sn 
precipitates in Mg-7Al-2Sn (wt.%) alloy at 200oC. 
 

 
Figure 7. Predicted average size of Mg17Al12 and Mg2Sn 
precipitates in Mg-7Al-2Sn (wt.%) alloy at 200oC. 

 
Conclusions 

Using CALPHAD approach, the atomic mobility parameters of 
Mg-Al-Sn system are established based on assessment of 

literature experimental data. By coupling to thermodynamic and 
atomic mobility parameters, the microstructure evolution in the 
aging process of two Mg-Sn alloys and concurrent precipitation of 
Mg17Al12 and Mg2Sn in Mg-7Al-Sn (wt.%) alloy are simulated. It 
is predicted that the precipitation of Mg17Al12 is much strong than 
that of Mg2Sn. 
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