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Abstract: Micro-segregation of Mg and Mn in Al-Mg5.0-Mn0.5 alloy during homogenized annealing at 470 °C was evaluated 

by computational simulation in DICTRA

®

 software, using MOB2 diffusion database and Al-based database. The segregation 

factor was used to predict the distribution of Mg and Mn at 470 °C annealing temperature for different annealing time. 

Simulation results were compared with microstructure observations. Results show that after homogenizing at 470 °C for 8.3 h, 

the segregation factor of Mg is about 0.94, close to 1.0; while, the segregation factor of Mn varies from 0.78 to 1.3. After 

homogenization annealing at 470 °C for 11.1 h, the segregation factor of Mg is close to 1.0, concentration of Mg is basically 

uniform, and the range of segregation factor of Mn is almost unchanged. However, almost the same segregation factor of 

0.8~1.3 is observed for Mn after annealing at 470 °C for 27.8 h. According to the DICTRA calculation results, after 

homogenizing at 470 °C for 11.1 h, the micro-segregation of Mg is almost eliminated. While the micro-segregation of Mn 

cannot be eliminated, even if the annealing holding time extends to 27.8 and 30 h. The simulation can provide a reference for 

the selection of annealing process of Al-Mg5.0-Mn0.5 alloy. 
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The aluminum-magnesium alloy is one of the lightest 

engineered metallic materials, and has good properties such 

as specific strength, specific stiffness, and corrosion resis-

tance, which has been widely used in aerospace, electrical 

and electronics, transportation, bridge construction, etc. In 

aluminum-magnesium alloys, when magnesium is the main 

alloying element or manganese is simultaneously added, 

work-hardenable alloys with medium to high strength can 

be achieved and the strength can be greatly enhanced com-

pared with pure aluminum and aluminum-manganese al-

loys

[1-3]

. 

In Al-Mg alloy, Mg is mainly in the solid solution and 

room-temperature brittle phases of β (Al

3

Mg

2

 and Al

8

Mg

5

) 

are mainly distributed at the dendrites of the as-cast 

microstructure, usually as a brittle fracture resource. In 

addition, during casting process, intra-grain and regional 

segregations easily occur, leading to the elemental 

segregation and decreasing plasticity and deformation 

ability of the alloy, thereby adversely affecting mechanical 

properties of the aluminum alloy 

[4,5]

. Therefore, 

homogenization annealing of an Al-Mg alloy ingot is very 

important. The homogenization process maximizes the α 

(Al) fraction of the matrix, increases solubility of Mg and 

Mn in the matrix and strongly prevents segregation of these 

elements. The homogenization process leads to a uniform 

chemical composition for the ingot, improves morphology 

and distribution of the second phase, increases the plasticity, 
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of the second phase, increases the plasticity, and modifies 

the process properties. 

The annealing temperature and holding time are fundamen-

tal parameters and have been given extensive attentions during 

the homogenization of aluminum-magnesium alloy 

[6-8]

. The 

non-uniform distribution of precipitated phase containing 

Mg and Mn in A5083 aluminum alloy after casting was re-

ported by Sheppard

[9]

. The non-uniformity is closely related 

to the solute distribution pattern of the as-cast alloy and the 

distributions of Mg and Mn can be greatly uniform after 

appropriate homogenization holding time. Birol et al 

[10,11]

 

reported that the yield strength and tensile strength of alu-

minum alloy increase with the increase of homogenization 

temperature, due to the more uniform diffusion of magne-

sium and the precipitation of manganese as a dispersion 

phase at higher homogenization temperature, which greatly 

improves the strength of the aluminum alloy. Li et al

[12]

 

further reported that the volume fraction of phase contain-

ing Mn in 3003 aluminum alloy is dependent on the con-

centration of Mn in solid solution during homogenization, 

and prolonging the holding time is conducive to the disper-

sion and precipitation of phase containing Mn.  

Although researches on the diffusion or segregation of 

Mg and Mn during the homogenization of aluminum alloys 

have been carried out in large quantities, studies combining 

experimental research and simulation to characterize the 

distribution of elements in aluminum alloy are still few. 

DICTRA is flexible software for simulation of diffusion 

controlled transformations in multicomponent alloys. It is 

closely linked with the Thermo-Calc software, which pro-

vides all necessary thermodynamic calculations 

[13,14]

. In 

this research, DICTRA was used to fully understand the 

segregation of Al-Mg5.0-Mn0.5 aluminum alloy during so-

lidification and the effect of diffusion annealing on reduc-

ing segregation. SCHEIL model is used to study the 

re-distribution rule of elements in the process of 

non-equilibrium solidification of Al-Mg5.0-Mn0.5 alumi-

num alloy. The segregation factor of alloying elements of 

Mg and Mn during solidification and following diffusion 

annealing of the aluminum alloy was calculated by 

DICTRA to survey the effect of diffusion annealing time on 

the micro-segregation of Mg and Mn. To verify the emula-

tion, the mapping of alloying elements of Mg and Mn was 

characterized by scanning electron microscopy (SEM) 

equipped with an energy dispersive spectrometer (EDS). 

1  Experiment 

The main components of the examined alloy were 

5.0wt% Mg and 0.5wt% Mn, and the balance Al. Industri-

ally pure aluminum, magnesium, and Al-10Mn master alloy 

were used as raw materials for melting. Before melting, the 

dried pure aluminum and the master alloy were placed in a 

graphite crucible at a melting temperature of 780 °C until 

the metal was soft-crushed and then covered with a coating 

agent (10.8% calcium fluoride+72.8% magnesium chlo-

ride+16.4% chlorinated calcium). However, in the melting 

process, the content of Mg was high and it was easy to be 

burned. Pure magnesium was added when the temperature 

dropped to 700 °C, and then the covering agent was added 

to reduce the loss of magnesium. Thereafter, hexachloro-

ethane refined at 720 °C was added, stood for 20 min, and 

poured into a pre-heated steel mold to obtain a square sam-

ple with the casting volume of 160 mm×100 mm×12 mm. 

For the experiments, six sets of massive samples with the 

dimensions of 19.5 mm×6 mm×4.5 mm were taken from the 

center of the ingot at the same height. The technological pa-

rameters for homogenization annealing were kept at 470 °C 

for 0, 2.7, 8.3, 11.1, 27.8, and 30 h followed by air-cooling. 

After polishing, surface of the sample was etched for 10~ 

15 s with Keller’s etchant (95 mL water, 2.5 mL HNO

3

, 1.5 

mL HCl, and 1.0 mL HF) and the sample involving surface 

corrosives and etching solution was rinsed with warm water. 

Then, the samples were dried, the microstructure was ob-

served by a Leica microscope, and morphology and types of 

various compounds were identified by a SUS-8220 field 

emission scanning electron microscope (FESEM) operated 

at a voltage of 15.0 kV and equipped with an Oxford EDS. 

2  Results and Discussion 

2.1  Theoretical calculation of equilibrium solidifi-

cation microstructure 

DICTRA simulates the dynamics by combining a multi-

component diffusion equation with Thermo-Calc software. 

The main parameters of thermodynamics come from 

Thermo-Calc, and the parameters about atomic mobility are 

stored in MOB database. The diffusion coefficients related 

with temperature and solubility can be calculated by atomic 

mobility and related thermodynamic parameters 

[15,16]

. The 

diffusion equations are follows: 

1

1

n

j

n

k k j

j

c

J D

z

−

=

∂

=

∂

∑

                           (1) 

where J

k

 is the diffusion coefficient of element k; 

n

k j

D

 is 

the (n�1)×(n�1) diffusion coefficient matrix;

j

c

z

∂

∂

 is the 

solubility gradient of element j. 

It is assumed that the system is 3 element system 

(5.0wt% Mg, 0.5wt% Mn, and the balance Al) and the total 

length of the system is 0.1 mm. By the above-mentioned 

dynamic simulation calculation, the relationship between 

the solidification temperature and solid phase fraction of 

Al-5.0Mg-0.5Mn aluminum alloy is calculated (Fig.1), and 

the changes of the solid-liquid phase interface position with 

solidification time are also obtained (Fig.2). Fig.1 and Fig.2 

show that solidification of the examined aluminum alloy 
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begins when it is cooled to 636.5 °C. When the temperature 

drops to 339 °C, the solidification process is basically 

completed. The aluminum melting requires 381 s from the 

casting temperature to completion of solidification. In addi-

tion, since the software calculation is under the conditions 

of thermodynamic equilibrium, the actual solidification 

temperature has to be greater than the calculated value. 

2.2  Theoretical calculation of elemental segregation 

SCHEIL model and Al-based database of Thermo-Calc 

software were used to simulate the solidification of 

Al-5.0Mg-0.5Mn alloy. It is assumed that the total length of 

the system is 0.1 mm, and the aluminum melt is cooled down 

to 339 °C at the cooling rate of 0.2 °C/s, then increased to 

470 °C and held for different time. In order to calculate con-

veniently, liquid phase component of solidification interface 

is regarded as the inter-dendritic composition, taken before 

solidification at 636.5 °C (Fig.1.). Fig.3 shows the concen-

tration distributions of Mg and Mn elements just after solidi-

fication to different positions of solid-liquid interface or an-

nealing for different time. The distribution of Mg atom dur-

ing the solidification is extremely inhomogeneous. 

When the solidification time is 100 s, the content of Mg in 

the solidified liquid-solid interface at the beginning is less 

than 2.0wt%; while, at a distance of 3.9×10

-5 

m from the  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Relationship between solidification temperature and solid 

phase fraction for Al-5.0Mg-0.5Mn alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Change of the position of liquid-solid interface with so-

lidification time 

interface, where the initial molten aluminum is solidified, the 

content of Mg reaches 7.8wt%. When the solidification time 

is 381 s, the solidification is basically completed and the 

solubility of Mg is still not uniform. When the diffusion time 

reaches 100 000 s after solidification, the Mg atoms are uni-

formly dispersed and approach the theoretical content of 

5.0wt%. Both Mn and Mg atoms are involved in the substitu-

tional solid solution atoms. However, the diffusion rate of 

Mn in the solid phase is much lower than that of Mg atoms. 

Therefore, the required time of Mn for homogenization is 

longer than that of Mg atoms. From Fig.3b, even if the so-

lidification and diffusion time reaches 100 000 s, the distri-

bution of Mn is still not uniform and the segregation of Mn 

component is not eliminated.  

In order to further analyze the distribution of Mg and 

Mn at 470 °C for different annealing time, the segregation 

factor after diffusion annealing was quoted 

[17]

. The segre-

gation factor (SM) is defined as 

(partial) / (average)SM M Mω ω=

              (2) 

where M represents certain element;

( partia l)Mω

 repre-

sents local content of element M; 

(average)Mω

repre-

sents the theoretical content of element M, which is 5.0% 

for Mg and 0.5% for Mn. 

Fig.4 shows the segregation of Mg and Mn elements at 

different positions of solid-liquid interface at different an-

nealing time from 381 s to 27.8 h. When the solidification 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Concentration distribution of Mg (a) and Mn (b) in 

Al-5.0Mg-0.5Mn alloy after solidification and holding at 

470 °C for different time 
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is just completed (381 s), the segregation factor of Mg 

varies from 0.4 (at start position of the system) to 2.5 (at 

terminated position), and the element-depleted region ap-

pears; Mn varies from 0.78 (at start position) to 1.3 (at the 

position of 7.5×10

-5

 m). After completing solidification, 

the segregation factors of Mg and Mn show different 

changes in the subsequent diffusion annealing process. The 

maximum segregation factor of Mg is about 1.4 after 2.7 h 

annealing at 470 °C; whereas, the segregation factor of Mn 

ranges from 0.78 to 1.3 and a certain amount of component 

segregation is observed. After annealing for 8.3 h, the seg-

regation factor of Mg is about 0.94 (at start position), close 

to 1.0; while the segregation factor of Mn alters from 0.78 

to 1.3. After annealing for 11.1 h, the segregation factor of 

Mg is still close to 1.0, and the concentration of Mg is ba-

sically uniform; while, the range of segregation factor for 

Mn is mainly unchanged. Even after annealing for 27.8 h, 

the segregation factor of Mn varies from 0.8 (at start posi-

tion) to 1.3 (at the position of 7.5×10

-5

 m), with only minor 

changes. As shown in Fig.4b, the segregation factor curves 

of different annealing time are basically coincident, and the 

segregation of Mn is still unavoidable. The main factors 

affecting the microscopic segregation are cooling rate, sol-

ute element distribution coefficient and diffusion coeffi-

cient. The simulation process assumes that the cooling rate 

and the solute element distribution coefficient are constant. 

Considering that the diffusion of Mn in Al matrix is diffi-

cult and the diffusion coefficient is low, according to the 

literature, the diffusion coefficient of Mn in Al matrix at 

470 °C is nearly 1.0×10

-16 

m

2

·s

-1 [18]

 and the diffusion 

coefficient of Mg in Al matrix at 450 °C is nearly 6.24 

×10

-15

 m

2

·s

-1[19]

. The total length of the system (10

-4

 m) is 

too long for Mn to diffuse. The peak value appears at the 

position of 7.5×10

-5

 m, not at the terminated position of the 

system. Therefore, segregation factor of Mn is meaningless 

between 7.5×10

-5

 m and 10×10

-5

 m in the curve (Fig.4b). 

Therefore, the microscopic segregation of Mg during cast-

ing can be eliminated by the diffusion annealing process. 

However, the microscopic segregation of Mn cannot be 

eliminated even after prolonging the diffusion annealing. 

2.3  Effect of annealing time on the homogenized 

microstructure of Al-5.0Mg-0.5Mn alloy 

The element distribution and evolution of the precipita-

tion of Mg and Mn in Al-5.0Mg-0.5Mn alloy annealed at 

470 °C for different time are shown in Fig.5. The unbal-

anced phase forms in the as-cast structure without homoge- 

nization due to the segregation of Mg and Mn. The phases 

are mainly spherical, chain-type and strip, as shown in Fig.5. 

According to the mapping of Al, Mg and Mn and relative 

literatures

[20-22]

, the above phases should be Al-Mg and 

Al-Mn phases. When the annealing time is 2.7 h (Fig.5b), the 

distribution of Mn is long strip, almost unchanged compared 

with as-cast microstructure (Fig.5a). Furthermore, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Segregation factors of Mg (a) and Mn (b) in 

Al-5.0Mg-0.5Mn aluminum alloy after different anneal-

ing time 

 

distribution of Mn gradually becomes chain-type or short 

strip, when the annealing time increases to 8.3 and 11.1 h 

(Fig.5c and 5d). With the increase of annealing time, Mn 

partially diffuses into the matrix around the origin long 

strip phases and the degree of segregation is reduced. 

However, according to the mapping of the long strip phase, 

the segregation of Mn does not substantially change when 

the annealing time increases to 27.8 and 30 h. Therefore the 

diffusion of the alloying element Mn is relatively difficult 

even if prolonging the holding time to 30 h, which is in ac-

cordance with the foregoing simulation, as shown in Fig.3b 

and Fig.4b. Fig.6 shows morphologies of spherical phases 

and Table 1 shows the results of EDS analysis. Noticeably, 

the spherical phases are Al-Mg phase. The homogenization 

annealing at different holding time affects the diffusion of 

alloying element of Mg. When the holding time is longer 

than 8.3 h at 470 °C, a large amount of Mg is dissolved into 

the Al matrix due to the sufficient diffusion of Mg, and then 

dispersed particles containing Mg form which are mainly 

distributed in matrix (Fig.5b and 5c). With prolonging the 

annealing holding time to 11.1, 27.8 and 30 h (Fig.5d and 

5f)), the shape of the spherical phases is hardly changed to 

ensure minimum surface energy under high-temperature 

thermal activation, but they are distributed continuously 

along the boundaries. Mg reaches a more uniform level, 

which is basically consistent with the previous simulation 

results.  
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Fig.5  Microstructures and EDS mapping of various elements in Al-5.0Mg-0.5Mn alloy annealed at 470 °C for different time: (a) 0 h,    

(b) 2.7 h, (c) 8.3 h, (d) 11.1 h, (e) 27.8 h, and (f) 30 h 

 

 

 

 

 

 

 

 

 

  

Fig.6  Local enlargement of spherical phases in Fig.5 after an-

nealing for different time: (a) region A in Fig.5b, 2.7 h;  

(b) region B in Fig.5c, 8.3 h; (c) region C in Fig.5d, 11.1 h  

 

Table 1  EDS analysis results of spherical phases in Fig.5 

wt%  at% 

Spherical phase 

Mg Mn Al  Mg Mn Al 

Region A -2.7 h 

Region B -8.3 h 

Region C-11.1 h 

4.64 

5.73 

5.90 

0.04 

0.32 

0.14 

95.15 

93.54 

93.50 

 

 

 

5.15 

6.31 

6.49 

0.02 

0.16 

0.07 

94.59 

92.85 

92.68 

 

3 Conclusions 

1) The micro-segregation of Mg and Mn during the 

non-equilibrium solidification of Al-5.0Mg-0.5Mn alloy is 

analyzed by DICTRA software. Mg-induced microsegrega-

tion can be eliminated by homogenization annealing at 470 °C 

with the annealing time of at least 11.1 h. However, 

Mn-induced micro-segregation cannot be eliminated by 

homogenization annealing in a short time.  

2) The segregation factor is used to predict the distribu-

tion of Mg and Mn at 470 °C annealing temperature for 

different annealing time. After annealing for 8.3 h, the seg-

regation factor of Mg is about 0.94, close to 1.0; while, the 

segregation factor of Mn varies from 0.78 to 1.3. After an-

nealing for 11.1 h, the segregation factor of Mg is still close 

to 1.0, and concentration of Mg is basically uniform. How-

ever, the range of segregation factor of Mn is almost un-

changed. After annealing for 27.8 h, the segregation factor 

of Mn shows slight changes from 0.8 to 1.3.  
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