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Abstract 

The grain growth kinetics of as rolled AZ61 magnesium alloy was studied by isothermal annealing 

treatments. The grain size of the annealed samples was evaluated using the linear intercept method 

and metallographic observation. The range of annealing temperature was found to be 373-573K. 

The kinetics equation 𝐷 − 𝐷 = 𝑘𝑡, where 𝑘 = 𝑘 𝑒  gives the information about the effect of 

annealing temperature and time on the grain growth phenomenon. The activation energy Ea and 

the grain growth exponent n were calculated based on the experimental data on the grain growth 

and the parameter were further compared with the other magnesium alloy. 

Keywords: Annealing treatment, Arrhenius equation, grain growth kinetics, activation energy, 
magnesium alloy AZ61. 

1. Introduction 

Magnesium and its alloys are widely used for the applications including aerospace, automotive, 

electronic appliances and the materials handling [1-2].The magnesium alloys suffer from low 

strength and ductility although these alloys have very high strength to weight ratio. The mechanical 

strength and ductility can be improved by the grain refinement. Severe plastic deformation is one 

of the best technique for the grain refinement [3-6]. 

When the specimen is subjected to intense load during the plastic deformation, high strain is used 

in the material. There is a tendency of formation of defects, dislocation and sub-grains due to high 

strain developed. Annealing is used for eliminating the above defects moreover the grain size of 

the metallic materials. Generally with the increase of time and temperature the grain size of the 

metallic materials increases [7-8]. Hence if the process parameters of the annealing will not be 

controlled then it is not possible to control the grain size of the materials. Consequently for the 

technological and the engineering applications the grain growth of the materials is very important 

[9-10].In the present work as rolled homogenized magnesium alloy AZ61 were annealed for its 

grain growth kinetics. 
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2. Experimental Procedure: 

AZ61 (Al 5.8% to 7.2%, Zn 0.4 to 1.5%, Mn 0.15%, Si 0.10%, Cu 0.05%, Ni 0.005%, Fe 0.005% 

and remaining Mg) alloy sheet was used as the initial material. To find out grain growth kinetics 

of Mg alloy rolled sheets were divided into squares of 1x1 cm2. Samples of (AZ61) were subjected 

to annealing treatment at different temperatures of 373K, 423K, 473K, 523K, 573K, for the 

duration of the 2, 10, 30, 60, 120, minutes. The annealing process was done in electrical resistance 

furnace in which the temperature of the furnace was controlled within ± 20 C. After the annealing 

process the annealed samples were taken for the process of polishing and etching. The 

microstructure of the annealed samples were observed by using the optical microscopy and grain 

size were determined by using the linear intercept method. 

 

3. Results and Discussion: 

Figure 3(a) shows that the grain size of the annealed samples is in relationship with the annealing 

regime. With the increase of the temperature and time the grain size increases. It means the rate of 

grain growth is dependent on the annealing temperature and the annealing time.  

 

 

                                 

 

 

 

 

                   

                      

                            Fig 1. Microstructure of the as-rolled AZ61 magnesium alloy sheet 

Higher the annealing temperature higher will be the grain growth rate, it can be seen that annealing 

temperature has the huge effect on recrystallization. In the fig 2 (a) – 2(e) we can observe the grain  

size enlargement with respect to temperature. 
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Fig 2 Optical microstructure of annealed samples of rolled AZ61 alloy at 473 K for (a) 2, (b) 10, (c) 
30 (d) 60 (e) 120 minutes 

As annealing temperature is increased certain grains starts to increase in size while the surrounding 

ones shrink, as a result of which larger grain structure is formed. As shown in fig 2 few grains 

developed after 10 minutes of annealing .With further increase in the annealing time, micro 
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structural homogeneity was improved and is shown in fig 2 c-e. The grain size increased to 28 µm 

after the 120 minutes of annealing at 473K. 

The microstructure of the sample after annealing at 30 minutes is shown in figure 2 c, which shows 

the combination of the fine and coarse grains which indicate the slow recovery and hence slow 

recrystallization. When annealing temperature was increased to 573 K, large grain growth was 

observed. The number and the size of the grains increased with the annealing temperature. Grain 

size around 34 µm was observed after annealing at 573 K for 120 minutes. These grains consume 

the neighboring grains and grew larger. It is clear that grain growth has occurred because of the 

annealing temperature rather the annealing time.  

Fig 3 (a) shows the graph between average grain size and annealing time for different temperatures. 

From the graph it is clear that grain growth rate increases while the annealing temperature 

increases. But the grain growth rate decreases while increasing annealing time. Mathematically, 

the grain growth can be expressed as [12]: 

 

                                            𝐷 − 𝐷 = 𝑘𝑡                                                      (1)  

Where D is the mean grain size after annealing for t time and T temperature and Do is the average 

grain size before annealing, k is the grain growth rate constant. After differentiating the equation 

no (1), we get   

                                         ln = ln − (n − 1)ln(D)                               (2) 
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Fig.3 (a) Variation of grain size with annealing time for different annealing temperatures. (b) 

Relationship between grain growth gradient (ln ( )) and ln (D). 3(c) Plot of 𝐷 − 𝐷   and annealing 

time (t) and 3(d) Plot of ln(k) versus 1/T. 

 

Fig 3 (b) shows a graph between ln ( )) and ln (D). The above graph shows a linear relation 

and the slope of the above graph gives the value of grain growth exponent (n). The values of the 

slope at 373, 423, 473, 523, and 573K are -1.075, -1.12, -2.04, -2.432, and -2.489 respectively. 

The value of 𝑛 = 2.8. Put the value of n in equation no 1. 

                                        𝐷 . − 𝐷 . = 𝑘𝑡                                                                 (3) 
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The earlier studies [Higgins, (1974) [19], Lu et al., (2006) [20], Cao et al.(2001) [21] and Miao et 

al., (2010) [17]] indicate that grain growth exponent n should lies between 2 to 4 for different Mg 

alloys. In the ideal case, the value of n should be 2, but in this case it was observed 2.8. That was 

due to certain factors, such as the impurity-drag, the dislocation sub-structure, the microstructure 

texture, and heterogeneities. Since the nominal content of aluminum in alloy changes from 5.8 to 

7.2 %.Hence the Al content in alloy increases the value of n.  

Fig 3(c) shows a graph between 𝐷 − 𝐷   and the annealing time t. Graph shows that the 

slope of the linear curve would give the value of k at temperatures 373, 423, 473, 523, 573K 

respectively. The values were 0.42, 0.71, 0.97, 1.6, and 2.56 respectively. Now putting the value 

of k obtained from the above graph in Arrhenius equation, we get the value of activation energy 

(Eg). Arrhenius equation is. 

                           𝑘 = 𝑘  exp (− )                                                                        (4)        

Where, ko is the pre-exponential term, R is the gas constant, Eg is the activation energy for grain growth, 

and T is the absolute temperature of annealing. Taking natural logarithm on both sides of equation (4) 

we get.           

                     ln (𝑘) = ln (𝑘  ) −                                                              (5) 

Fig. 3d shows the graph between ln(k) and (1/T ). Plotting the graph between ln (k) and 

temperature (T) we get the value of    from the slope of the equation. We get the equation of the 

straight line plotted on the graph, which is 

                           Y= 4.41 - 2.45 X                                                                      (6) 

Comparing it with equation (5), we get 

                                       = 2.45         →      Eg = 21 KJ/mole. 

Activation energy was calculated as 21 kJ/mol. It was found 39.7 kJ/mol by Jin et.al for AZ91 

magnesium alloy when subjected to high energy shot peening [15]. Our calculated value was very 

small. Earlier reported values were 135 kJ/mol for an extruded AZ31 alloy [19], 118 kJ/mole for 
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mechanically alloyed Mg-Cu [21], 92 kJ/mole for as-cast pure Mg [21] and 80.8 kJ/mole for hot 

rolled AZ31 alloy [17]. Generally for alloys, the activation energy for grain growth increases. 

Observed grain growth activation energy is very low for the above AZ61 Mg alloy. The grain 

growth activation energy dependents on both alloy composition and microstructural features. 

During accumulative roll bonding microstructural features got affected due to strain induced in 

material. If we see the structure at the nanoscale, fringes are present at the grain boundaries. The 

presences of fringes at the boundaries are the reason for the non-equilibrium high stored energy 

state. This could be the reason for the observed low activation energy for grain growth. Due to 

severe plastic deformation it can’t be compare to a simple grain growth phenomenon.  

Conclusions: 

Grain refinement was obtained with the annealing at the higher temperature. Formation of the 

twins and resulting twinning stress which led to dynamic recrystallization is the main mechanism 

for the grain refinement in AZ61 Mg alloy processed at 543 K and 573 K. The size of the ultra 

fine grains increased as we increase the annealing duration and the temperature. Annealing 

temperature has significant role in the grain growth in comparison to annealing time. The grain 

growth kinetics equation of the ultra fine grains was obtained by the equation 𝐷 − 𝐷 = 𝑘𝑡  with 

the grain growth exponent, n varying from 2 to 3.8, when the annealing temperature was 373 K to 

573K. The activation energy for the grain growth for the ultra fine grains was found to be 21kJ/mol 

with the help of the Arrhenius equation. Lower activation energy obtained is due to energy stored 

during accumulative roll bonding. 
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