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Abstract 

The static recrystallization/grain growth kinetics of the AZ31 (Mg-3Al-1Zn, wt%) alloy were investigated 

employing Vickers microhardness and electron backscatter diffraction (EBSD) measurements. The 

AZ31 alloy was subject to a hot-rolling for 70% of thickness reduction and then annealed at various 

temperatures (150°C, 250°C, and 350°C) from 5 min to 24 h. First, the static recrystallization kinetics 

were analysed by means of the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model. The results showed 

that the recrystallization occurred under two regimes both involving their own Avrami exponent/ 

activation energy. In regime I, the Avrami exponent was found in the range of 1.5-0.35 depending on 

the annealing temperature and activation energy of 74.1±5.7 kJmol-1. In regime II, an identical value 

of Avrami exponent was found (0.1-0.2) and a very low activation energy of 14.8±0.7 kJmol-1 was found 

for all annealing conditions. Non-random nucleation sites such as shear bands were considered as the main 

factor responsible for the deviation from the JMAK model. Moreover, the grain growth kinetics was well 

fitted by the general Dm- D0
m = ct equation where c = c0exp (-

Q
g

RT
). Accordingly, Qg = 109± 0.2 kJmol-1 

which is median between grain boundary diffusion and bulk diffusion values for Mg and its alloys. 

The derived activation energies were discussed in terms of influencing factors such as solute drag, 

formation of basal texture, and microstructural heterogeneities like shear bands and twinning. 

1. Introduction  

 

 Nowadays, transportation industries are more interested on 

lightweight design to reach rigorous necessities of fuel productivity 

and reduce environmental pollution. Lightweight magnesium (Mg) 

based alloys are promising candidates for these industries owing to 

their excellent strength-to-weight ratio [1,2]. Nevertheless, at low 

deformation temperatures, Mg-based alloys endure poor formability 

because of a lack of deformation mechanisms and the development 

of sharp basal texture during deformation processing which border 

their potential structural applications [3].  

 Microstructural changes, which mainly are grain refinement and 

texture weakening through dynamic recrystallization (DRX) and/or 

static recrystallization (SRX) during thermomechanical processing 

are the keys to the development of a new class of Mg-based alloys 

with required properties [4-8]. At high temperatures, the formability 

of Mg-based alloys is increased and improved since further slip 

systems could be thermally activated and also due to the occurrence 

of DRX. In fact, DRX is the principal mechanism responsible for grain 

refinement in Mg-based alloys during deformation processing [9-16].  

 The Hall-Petch relationship indicates that the strength of a material 

increases through decreasing the grain size and incidentally because 

to the increase of the number of grain boundaries that prevent the 

dislocation motion [17]. However, grain growth generally occurs 

during the SRX process and causes the loss of thermal stability [18-23]. 

Consequently, it is crucial to distinguish the static recrystallization/ 

grain growth kinetics of Mg-based alloys. 

 Usually, any assessment of the static recrystallization/grain growth 

kinetics is based on two parameters: 1) a phenomenological exponent 

which characterizes the mechanism responsible for recrystallization 

and/or the grain growth and 2) the activation energy which determines 

the magnitude of the resistance to any grain growth. For Mg-based 

alloys, the calculated activation energies for recrystallization/grain 

growth are generally compared with grain boundary diffusion activation 

energy (92 kJmol-1) or with the lattice self-diffusion energy (135 kJmol-1) 

[24]. However, a deviation from these values due to the presence of 

inhomogeneous nucleation sites such as twinning and shear bands 

formed during deformation processing is often reported [9,12,18,19, 

21,25-28]. Besides, the static recrystallization/grain growth kinetics 

of Mg-based alloys are strongly related to their metallurgical and 

microstructural states and parameters such as alloying elements, 

grain size, grains orientation, nature and geometry of grain boundaries, 

and the distribution of particles [29-33].  
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 In addition to the importance of annealing conditions, i.e., 

temperature and duration, deformation processing conditions including 

strain rate, deformation temperature, and thickness reduction in the 

case of rolling process do greatly affect the static recrystallization/ 

grain growth kinetics. For example, it was expected that the static 

recrystallization rate might increase with increasing thickness reduction 

because of the increase of the stored energy at higher thickness 

reduction [26]. However, this is true only when the DRX did not occur 

during deformation processing [21]. Moreover, the absence of DRX 

led to the weakening of texture during subsequent annealing [34, 

35]. Otherwise, the deformation texture is retained during annealing 

[20]. As a new insight, the severe plastic deformation (SPD) resulted 

in more complicated grain growth kinetics resulting from the large 

amounts of extrinsic dislocations and the competition of occurrence 

of SRX during the SPD processing [23,36,37]. The presence of two 

ranges of grain growth activation energy depending on the annealing 

temperature was described in severely deformed Mg-1.43Nd (wt%) 

and AZ31 (Mg-3Al-1Zn, wt%) alloys [23,36].  

 There has been substantial work, particularly in the last 10 years, 

and with it significant improvements in our understanding of the 

recrystallization/grain growth behaviour in Mg-based alloys. However, 

much work is still needed to well understand the static recrystallization/ 

grain growth kinetics and to have valuable data on the deformation 

and annealing treatments for the optimization and control of the 

physical and metallurgical properties of forthcoming designed 

Mg-based alloys.   

 In this frame, the goal of this work is an investigation of the role 

of annealing temperature and duration on the static recrystallization/ 

grain growth kinetics of hot-rolled AZ31 alloy. First, the alloy was 

hot-rolled at 350°C to 70% of thickness reduction and then annealed 

at various temperatures (150°C, 250°C, and 350°C) from 5 min to 

24 h. This work is a part of a series of investigations on the AZ31 alloy 

regarding the effect of rolling conditions and annealing treatments 

on corrosion behaviour [34,38]. So far, the results confirmed that 

small grain size combined with weak texture greatly enhanced the 

corrosion behavior of the AZ31 alloy [34,38]. It is believed that the 

present work will help to provide more data to ameliorate the design 

of AZ31 alloy.  

 

2.  Experimental procedures 

 

 The sheet AZ31 alloy was generously given from MagIC (Magnesium 

Innovations Center), Germany.  

 The AZ31 alloy was subject to hot-rolling at 350°C for 70 % of 

thickness reduction with 10% of thickness reduction (0.22 mm/pass) 

in each pass to avoid any sample cracking. Then, the deformed samples 

were annealed at 150°C, 250°C, and 350°C for times ranging from 

5 min to 24 h. 

 The mean grain size of the different samples was estimated by 

optical microscopy the line intercept method. For that, the samples 

were metallographically prepared by mechanical grinding and 

electropolishing with 5 parts of ethanol and 3 parts of phosphoric acid 

for 30 min and then etched at room temperature for 3 s in a solution 

containing 5% HNO3, 15% acetic acid, 60% ethanol, and 20% distilled 

water. At least four fields were exploited for an accurate mean grain 

size measurement and evaluating the grain growth kinetics. 

 EBSD measurements were performed using a FEG-SEM SUPRA 

55 VP field emission gun scanning electron microscope working 

at 20 kV in the mid-thickness of the RD-ND plane of the samples 

(RD and ND mean the rolling and normal directions, respectively). 

A standard clean-up procedure was used to analyze the orientation 

imaging microscopy (OIM) data [11,12,23,39]. The scanned areas 

were 400 μm2 × 400 μm2 with a 1 μm step size for deformed and annealed 

samples at 250°C and 350°C, respectively and were 200 μm2 × 200 μm2 

with a 1 μm step size for annealed samples at 150°C. In addition, smaller 

areas of 100 μm2 × 100 μm2 and a step size of 0.5 μm were scanned 

to examine twins and shear bands. The analysis of the crystallographic 

texture from EBSD measurements was performed using MTex 

software [40]. 

 Vickers microhardness of the samples was measured with a load 

of 100 g (Hv0.1) and a 10 s of a holding time.  

 

3.  Results and discussion 

 

3.1 Deformation microstructure 

 

 Figure 1 reveals the OIM in inverse pole figure (TD-IPF, TD is 

the transverse direction), image quality (IQ) superposed with grain 

boundaries and grain orientation spread (GOS) maps of the deformed 

AZ31 alloy, respectively. The grain boundaries were divided as sub-

grains boundaries (SGBs) with misorientation θ < 2°, low angle 

boundaries (LAGBs) with 2°< θ < 5°, medium angle grain boundaries 

(MAGBs) with 5°< θ < 15°, and high angle boundaries (HAGBs) 

with θ > 15°, respectively. 

 GOS approach allows quantifying the fraction of recrystallized 

grains, Frex, by assuming a deviation from the average orientation of 

the recrystallized grains less than 2° [15,41]. The Frex is shown on 

the upper side of the GOS map. 

 The TD-IPF map shows that the microstructure is formed of 

equiaxed grains with a value of 9.2±1.2 µm in which several twins 

are present as indicated by arrows. However, the IQ map demonstrates 

the heterogeneity of the deformed microstructure by the formation 

of shear bands tilted about 30 to 36° from RD. In Mg-based alloys, 

the shear bands are formed due to the activation of twinning [42] or 

the occurrence of DRX along the grain boundaries [43]. The GOS 

map shows that only 10% of grains were dynamically recrystallized 

during hot-rolling and no evidence of the formation of recrystallized 

grains on the grain boundaries. While twinning, including: extension 

twins (86°<112̅0> in green), contraction twins (56°<112̅0> in red), 

double twins (38°<112̅0> in blue) and 22°<112̅0> (in yellow), is 

noticed inside the shear band as zoomed in Figure 1(d) (yellow box 

in Figure 1(b)). The present result may suggest that the shear bands 

were formed due to the activation of twinning. High fraction of LAGBs 

can be seen inside the shear bands (Figure 1(b)) indicating the formation 

of sub-grains which further will transform to new recrystallized grains 

during subsequent annealing.  

 

3.2 Static recrystallization kinetics 

 

 Figure 2 displays the evolutions of microhardness versus 

the annealing time of the annealed AZ31 alloy at 150°C, 250°C and 

350°C. The microhardness value of the deformed sample is 73.0±1.2 Hv
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Figure 1. (a) TD-IPF, (b) IQ, (c) GOS maps display the microstructure of the deformed AZ31 alloy, and (d) IQ map highlighted with different twin types of the 

zoomed area indicated in Figure 1(b) (yellow box)

    

Figure 2. Microhardness evolution of annealed AZ31 alloy versus the 

annealing time at 150°C, 250°C, and 350°C. 

 

The microhardness decreases with the increase of annealing time 

and can be separated into 3 stages: stage I observed only in samples 

annealing at 150°C and 250°C where the microhardness did not 

change with annealing time (72.5±1.5 Hv and 70.9±1.1 Hv after 5 min 

of annealing at 150°C and 250°C, respectively) indicating a recovery 

process. Stage II where the microhardness decreases continuously with 

annealing time owing to the recrystallization process. In stage III, 

the microhardness more-or-less decreases with a further increase 

of annealing time indicating the completion of the recrystallization 

process. The microhardness reached values of 63.9±1.4 Hv, 62.9±1.3 Hv 

and 58.8±1.9 Hv after annealing for 24 h at 150°C, 250°C and 

350°C, respectively.  

 Quantitatively, the isothermal static recrystallization kinetics is 

defined according to the Johnson–Mehl–Avrami–Kolmogorov (JMAK) 

model [44] 

 

 X = 1 − exp( − ktn)             (1) 

 

where X is the recrystallized fraction, k a temperature-dependent constant, 

and n the Avrami exponent. According to the JMAK equation, the 

values of n and k are strongly linked to the nature of grain nucleation 

and grain growth. Table 1 presents the ideal values of the n exponent 

[45]. The temperature-dependent constant k, can be stated as:  

 

 k = k0 exp (−
Q

RT
)            (2) 

 

where k0 is a constant, Q the activation energy for the recrystallization, 

R = 8.314 Jmol−1K−1 the gas constant and T the annealing temperature. 

 To obtain the n and k values, it is required to rescript the 

Equation (1) as: 

 

 ln (ln (
1

1-X
))  =  lnk + nlnt                          (3) 
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Table 1. Ideal values for Avrami exponent, n depending on the nature of nucleation/growth of grains [45].  

 

Growth geometry Site saturation Constant nucleation rate 

Three dimensions 3 4 

Two dimensions 2 3 

One dimension 1 2 

 

 Consequently, n is the slope of the ln (ln (
1

1-X
)) versus ln(t) plot 

and ln (k) is the y-intercept. 

 The recrystallized fraction, X can be calculated using the micro-

hardness values following the equation: 

 

 X = 
Hvdef − Hvt

Hvdef − Hvf

         (4) 

 

where Hvdef, Hvt and Hvf stand for the microhardness of the deformed, 

annealed sample at time t and after complete recrystallization, 

respectively. The Hvf value was chosen as for the sample annealed 

for 24 h at 350°C since the GOS maps shown in Figure 3 demonstrated 

that in this condition the alloy exhibits a high recrystallization 

fraction (93% with GOS > 2°) compared to those annealed at 150°C  

and 250°C for the same time (24 h), i.e., 48 and 67%, respectively. 

 In addition, about 10% of the deformed microstructure was 

dynamically recrystallized (Figure 1), hence the real fraction of static 

recrystallization can be estimated using the following equation:   

 

 Xreal = (1 − X0)X − X0         (5) 

 

where X0 is the fraction of dynamically recrystallized grains. 

 Figure 4(a) shows the ln (ln (
1

1−X
)) against ln (t) for the annealed 

AZ31 alloy. As can be noticed, the experimental data were lie in two 

straight lines for each temperature indicating the production of two 

regimes with their own values of n and k. The two regimes coincide 

with the stage II and III observed in the evolution of micro-hardness 

against the annealing time (Figure 2). Table 2 summarizes the values 

of n and ln (k) for both regimes in the different samples. In addition, 

the activation energy of regimes I and II can be calculated by plotting 

ln (k) against 1000/RT as presented in Figure 4(b) and their values 

are also consigned in Table 2. 

      

Figure 3. GOS maps of annealed AZ31 alloy for 24 h at: (a) 150°C, (b) 250°C, and (c) 350°C. The fraction of recrystallization is shown in the upper of the maps. 

 

        

Figure 4. (a) ln (ln (
1

1−X
))  against ln(t) and (b) ln(k) as a function of 1000/RT for the annealed AZ31 alloy at 150°C, 250°C, and 350°C, respectively. 
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Table 2. Values of Avrami exponent n, and activation energy Q, in different regimes found for the present alloy. 

 

Annealing 

Temperature 

 Regime I  Regime II 

 n ln (k) QI (kJ·mol-1)  n ln (k) QII (kJ·mol-1) 

150 °C  1.52 ±0.13 -7.76 ±0.41   0.18 ±0.02 -1.76±0.17  

250 °C  0.62 ±0.03 -2.30±0.11 74.1±5.7  0.10 ±0.01 -1.01±0.08 14.8±0.7 

350 °C  0.35 ±0.02 -1.05 ±0.01   0.12 ±0.01 -0.40±0.08  

 The Avrami exponent of regime I decreases with increasing 

annealing temperature from n1 = 1.52 at 150°C to n1 = 0.62 at 250°C 

and then to n1 = 0.35 at 350°C indicating a strong dependency of 

the recrystallization mechanisms on the annealing temperature. While 

for regime II the n2 values in the three annealing conditions were 

very similar around 0.1-0.2 and relatively lower than those for 

regime I. Based on Table 1, the growth geometry of the recrystallized 

grains can be presumed to be 1 dimension. The presence of two regimes 

in the three annealing temperature conditions demonstrated that the 

static recrystallization kinetics is strongly related to the deformation 

microstructure. The fitting of the JMAK model into two regimes 

with two Avrami exponents is rarely reported for Mg-Al alloys [21, 

25] but it has been reported for different deformed metals such as 

oxygen-free high conducting (OFHC) copper [46], low carbon steel 

[47] and iron [48]. This two-regime behavior was explained by the 

heterogeneity of nucleation of recrystallized grains [47]. Apparently, 

during the first regime, the region with high stored energy will be 

rapidly expended by the recrystallization nuclei. Subsequently, the 

remained deformed region with lower stored energy will be progressively 

recrystallized and this corresponds to the second regime [47].  

 Kernel average misorientation (KAM) method allows the 

quantification of dislocation density (i.e., the stored energy) generated 

from geometrically necessary dislocations [49,50]. Figure 5 presents 

the KAM maps of the deformed and annealed AZ31 at 250°C, 

respectively. As shown, the grains formed in the shear bands have 

the lowest stored energy i.e lower dislocation density (blue color) 

compared with the other regions which means that the recrystallization 

took place first at the shear bands and then with progressively increasing 

annealing time at the rest of the microstructure. 

 Globally, the n values obtained from the present investigation 

are lower than the ideal values (Table 1), except for the sample annealed 

at the lowest temperature of 150°C. Many experimental studies on 

various metals reported the deviation of Avrami exponent from the 

theoretical values [9,12,18,19,21,26-28,51-54]. For example, the Avrami 

exponent was found in the range of 0.27-3.4 for AZ31 alloy under 

different deformation and annealing conditions [9,18,19,21,26-28,51]. 

Moreover, a lower n range (0.6-0.9) was also reported in processed and 

annealed Mg-RE alloys [12,51].

               

 

Figure 5. KAM maps of the AZ31 alloy: (a) deformed and annealed at 250°C for (b) 5 min, (c) 30 min, and (d) 24 h. 
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  Two major reasons were anticipated to explain the low n values 

[33]. The first reason is the non-random recrystallization sites existing 

in the processed material. The second reason is being the growth rate 

of the nuclei which is not constant during the recrystallization process 

[33]. As can be seen, the deformed microstructure shown in Figure 1 

clearly demonstrated the presence of large zones of shear bands and 

many twins. It is well known that these deformation features are 

perfect sites for the formation of new recrystallized grains which 

will conduct to a non-random distribution of nuclei and result in 

different growth rates. In addition, Figure 6 clearly shows that the 

microstructure is heterogeneous even after annealing for 24 h. All 

samples exhibit a bimodal grain size distribution where the small 

grains are mostly located in the shear bands as indicated by the 

delineated areas in Figure 6. It can be observed that the microstructures 

of the samples annealed for 5 min at 150°C and 250°C contain twinning 

(see arrows). The recrystallization of the samples annealed for 5 min 

at 150°C is delayed compared to the samples annealed at 250°C and 

350°C at the same time. The creation of recrystallized grains is more 

visible in samples annealed at 250°C and 350°C for 5 min. This is 

attributed to the relatively higher temperature that results in a higher 

rate of nucleation and growth and enhanced kinetics which explain 

the decrease of Avrami exponent n1 with increasing annealing 

temperature. Apparently, the dependence of recrystallization kinetics 

on the annealing temperature is observed only during the first regime 

since the Avrami exponent of the second regime n2 was found similar 

in the three annealing conditions. This indicates that most of the 

recrystallization process occurred during the first regime. 

 The activation energy of regime I is equal to 74.1±5.7 kJmol-1 

which is lower than the boundary self-diffusion energy (92 kJmol-1) 

and the lattice self-diffusion energy (135 kJmol-1) [24]. Low activation 

energy of 85.9 kJmol-1 was also reported in heavily cold-drawn and 

annealed AZ31 alloy [19] and in the range of 65 kJmol-1 to 88 kJmol-1 

depending on the thickness of the twin-roll casting AZ31 alloy [26]. 

The reduced activation energy found in the various AZ31 alloys is 

mostly attributed to the acceleration of static recrystallization due to 

the occurrence of heterogeneities such as shear bands. The amount of 

the activation energy of regime II was found very small ~14.8±0.7 kJmol-1 

compared to regime I. It can be speculated that at this stage the 

completion of the recrystallization process did not require high 

activation energy. This can be confirmed by the slow decrease of 

the microhardness value (stage III) shown in Figure 2 indicating 

that the recrystallized fraction remained almost the same at this stage.

                

Figure 6. TD-IPF maps showing the evolution of microstructure of the AZ31 alloy annealed at 150°C, 250°C and 350°C for 5 min and 24 h, respectively.  

A bimodal grain size distribution is evidenced. Arrows show twinning. 
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Table 3. Fitting parameters of the recrystallized fraction X with the modified JMAK equation. 

 

Annealing 

Temperature 

  Regime I  Regime II 

A  n1 ln (k1)  n2 ln (k2) 

150 °C 0.35  1.5 -6.50  0.7 -7.09 

250 °C 0.40  0.8 -5.25  0.4 -5.38 

350 °C 0.35  0.4 -3.47  0.5 -1.51 

 A modified JMAK equation that involves two Avrami exponents 

was proposed as follow [55]: 

 

 X = A{1 − exp(−k1tn1)} + (1-A){1 − exp(−k2tn2)}     (6) 

 

Where A is the fraction of recrystallization in the first regime.    

The results of the recrystallized fraction fitted with the modified 

JMAK equation are presented in Figure 7 and the fitting parameters 

are shown in Table 3.  

 The fitted curves using the two Avrami exponents equation fit well 

with the experimental ones, especially for the first regime. It seems 

that the second regime started when 35% to 40% (corresponding to 

A values) of the microstructure have been recrystallized. 

 

3.3 Grain growth kinetics 

 

 The plot of the mean grain size versus the annealing time of the 

annealed AZ31 alloy is shown in Figure 8. As expected, the grain size 

increases with increasing annealing conditions (temperature and 

duration). The grain size of the as deformed sample (9.2±1.2 µm) 

increases to about 15.1±1.3 µm, 18.2±1.2 µm, and 21.2±1.0 µm 

after 24 h annealing at 150°C, 250°C and 350°C, respectively. It is 

noticeable that for all annealing temperature conditions the grain 

size increases rapidly up to 180 min and then the grain growth rate 

becomes slow during a longer duration.  

 The grain growth kinetics is investigated following the general 

equation [56]: 

 

 Dm −  D0
m = ct         (7) 

 

Where D is the mean grain size at the annealing time t, D0 is the initial 

mean grain size at t = 0 (the deformed state), m is the grain growth 

exponent and c is a grain growth rate constant and can follow the 

Arrhenius equation: 

 

 c = c0exp (−
Q

g

RT
)                 (8) 

 

where c0 is a pre-exponential constant and Qg the activation energy 

of grain growth.  

 The rate of the grain growth process, dD/dt, can be resulted from 

Equation (6): 

 

 In (
dD

dt
)  = (1 − m)lnD + ln (

c

m
)        (9) 

 

 The slope of the curve ln(dD/dt) against ln(D) allowed the 

determination of grain growth exponent m. The m assumed that the 

migrating boundary rate is relative to the driving pressure on that 

boundary [18]. Ideally in the case of defect-free metals m = 2. This 

assumed parabolic growth law and it is expected to hold for both 

two and three-dimension microstructures [56]. 

 Figure 9(a) presents the evolution of ln(dD/dt) against ln(D) for 

the annealed AZ31 alloy at different annealing temperatures. The grain 

growth exponent m was equal to 7.9, 9.5, and 10.3 at 150°C, 250°C, 

and 350°C, respectively. The m value was found in the range of 2 to 

15 in Mg-based alloys under various deformation and recrystallization 

conditions [18,20,30,57-63]. 

 The activation energy can be evaluated by plotting lnI as a function 

of 1000/RT as shown in Figure 9(b). The activation energy was found 

equal to 109.2±0.2 kJmol-1. It is slightly higher (+15%) than found 

for grain boundary diffusion in Mg (92 kJmol-1) and lower (-24%) 

than reported for bulk diffusion in Mg (135 kJmol-1). It can be considered 

that the activation energy of the present alloy is intermediate to the 

grain boundary diffusion and bulk diffusion in Mg values.  

 

 

Figure 7. Fitting of the recrystallized fraction X with the modified JMAK equation. 

 

 

Figure 8.  Mean grain size versus the annealing time of the annealed AZ31 alloy. 
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Figure 9. Plot of (a) ln(dD/dt) against lnD and (b) ln(c) as a function of 1000/RT of the annealed AZ31 alloy.

 The high m and Qg values may indicate a good thermal stability 

of the AZ31 alloy under the present deformation and annealing 

conditions. For comparison, Table 4 presents the grain growth activation 

energy reported in the literature of some AZ31 alloys and other Mg-

based alloys under different deformation conditions [20,22,23,27, 

30,31,36,59,60,63-65]. As shown, the reported investigations have found 

close range of the grain growth activation energy, except for the AZ31 

and Mg-1.43Nd (wt%) alloys under severe deformation [23,36]. 

However, it must be noted that the m values used in these investigations 

were a priori fixed (m = 2) and not experimentally calculated. 

 In the present case, the m value increased with increasing 

annealing temperature. It can supposed that at low annealing  

temperature the dislocation annihilation controlled the softening 

process while at high annealing temperature the grain growth is the 

dominant mechanism [66]. 

 It must be pointed out that the measured m differ from the ideal 

value (m = 2). Similar to the Avrami exponent, the grain growth 

exponent m is rarely found in its ideal values in the case of real 

experimental conditions [18,20,30,57-63]. This discrepancy is attributed 

to two main features: 1) the boundary mobility is very sensitive and 

changes with the boundary velocity and 2) the existence of a limited 

grain size value where the grain growth is prevented [33]. These two 

features are mostly related to many factors such as dislocation 

substructure, crystallographic texture, solute drag, and microstructure 

heterogeneities [29,33]. 

 

Table 4. Grain growth kinetics of some Mg-based alloys collected from the literature. 

 

Alloy Initial conditions  Annealing conditions  Grain growth kinetics  Ref. 

 Deformation type D0 (µm)  T (℃) t (min)  m Qg (kJ·mol-1)   

AZ31 hot-rolling 9.2  150-350 5-1440  7.9-10.3 109.2  Present 

study 

AZ31 hot-rolling 5  250-450 15-120  4 80.8  [59] 

AZ31 hot-pressing 0.04  300-400  30-60   5 110  [60] 

AZ31 Rolling 5.3  260-450 15-10080  5 115  [20] 

AZ31 accumulate  

compression bonding 

<1  350-450 10-240  5 105  [64] 

AZ31 equal channel  

angular pressing 

1.9  150-500 30-300  2 29 (<250 °C) 

92 (>250 °C) 

 [36] 

Mg-Al-Zn-Mn-Ca hot-rolling -  300-400 60-600  1.9-2.2 115.48  [27] 

Mg-1.43Nd high-pressure  

torsion 

0.6  150-450 60  2 26 (<250 °C) 

147 (>250 °C) 

 [23] 

Mg-xSc 

x = 0.2, 0.3, 0.45 (wt%) 

hot-rolling -  350-450 60  3 76 (x = 0.2) 

68 (x = 0.3) 

100 (x = 0.45) 

 [31] 

Mg-5Al-xTi 

x = 0, 10.3 (wt%) 

synthesized by 

mechanical alloying 

0.015 (x = 0) 

0.022 (x = 10.3) 

 300-500 15-480  7 (x = 0) 

8 (x =10.3) 

119 (x=0) 

123 (x=10.3) 

 [30] 

Pure Mg hot-rolling 16.3  150-450 1-1440  13 95  [63] 

Mg-3Gd-1Zn hot-rolling 14  200-500 15-240  2.19-2.51 101  [22] 

Mg-1.5Zn-0.6Zr-xEr 

x = 0, 0.5, 1, 2, 4 (wt%) 

hot-extrusion 8 (x = 0) 

3 (x = 0.5) 

2.5 (x = 1) 

3.3 (x = 2) 

3.6 (x = 4) 

 250-400 90  - 23.8 (x = 0) 

31.2 (x = 0.5) 

34.7 (x = 1) 

93.5 (x = 2) 

76.2 (x = 4) 

 [65] 
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 Among these, it is believed that solute drag, texture, and micro-

structural heterogeneity are the main factors responsible for the 

activation energy of the present alloy. The activation energy for 

grain growth was found higher than for pure Mg (95 kJmol-1) [63]. 

In the present case, the segregation of solute atoms and impurities 

in grain boundaries could cause the decrease of grain boundary motion 

and hence the delay of grain growth. The effect of increasing the solute 

element concentration on the retardation of grain growth kinetics 

was clearly demonstrated in the Mg-xSc (x = 0.2, 0.3, 0.45 (wt%)) 

[31] and Mg-5Al-xTi (x = 0, 10.3 (wt%)) [30] alloys (see Table 4). 

 In addition, the evolution of the texture shown in Figures 10 and 

Figure 11 demonstrated that the hot-rolled AZ31 exhibits a typical 

basal texture where {0002}// RD-TD plane [67]. 

 It was reported earlier that the as-received (before hot-rolling) 

AZ31 alloy already developed a strong basal texture [34]. Consequently, 

the initial texture is retained after hot-rolling and then after the 

different annealing conditions as shown in Figure 10. However, 

it seems accompanied by a texture weakening as demonstrated by 

the evolution of texture strength index shown in Figure 12. The 

texture index was estimated using the MTEX toolbox [68]. 

 The weakening of the annealing texture can be recognized by 

the low fraction of DRX during hot-rolling (only 10%) and the 

recrystallization at shear bands that led to the formation of a variety 

of orientations as described in several Mg-based alloys [69-71].  

 The evolution of texture controls the grain boundary distribution, 

mobility and energy, consequently the grain growth rate. Figure 13 

presents the distribution of the grain boundary misorientation of the 

deformed and annealed AZ31 samples. The distribution of grain 

boundary misorientation for random textured materials with HCP 

structure is superposed for comparison [72].   

 As evidence, neither the hot-rolled nor the annealed samples 

exhibit a random distribution. The hot-rolled contains about ~53% 

of sub-grain boundaries and low grain boundaries (misorientation 

less than 5°) resulting from the generation of dislocations due to the 

deformation process. Annealing at different temperatures causes the 

decrease of such grain boundaries owing to the development of new 

grains and a shift towards high misorientation (HAGBs) as noticed 

from the plots. However, a quite large fraction of sub-grain boundaries 

is still present even after the annealing of 24 h (30% at 150°C, 26% at 

250°C, and 9% at 350°C, respectively). The mobility of very low angle 

sub-grain boundaries is reported to be governed by bulk diffusion 

while the grain boundary diffusion in pure metals is responsible for 

the mobility of high angle boundaries [73]. This may elucidate the 

intermediate activation energy found in the present work. 

 
 

Figure 10. ODF sections at φ2 = 0 and 30° of the AZ31 alloy under deformation and different annealing conditions.   
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Figure 11. Recalculated {0002} pole figures of the AZ31 alloy under deformation and different annealing conditions.  

 

 

Figure 12. Evolution of texture index against annealing time.  

 

 A peak around 30° can be clearly distinguished in the annealed 

samples corresponding to 30° <0001> grain boundaries which resulted 

from the development of the basal texture [74]. Another noticeable 

peak around 86° is present in the annealed samples especially after 

annealing at 150°C and 250°C for 5 min. This peak indicates the 

presence of extension twin in which the <0001> axis of the grains 

is reoriented by 86.8°. The presence of twins in the annealed samples 

means that the microstructure is still heterogeneous. To identify the 

different twin types and their evolution with annealing time, Figure 14 

presents the IQ maps showing the different twins highlighted as 

extension twins (86°<112̅0> in green), contraction twins (56°<112̅0> 

in red) and double twins (38°<112̅0> in blue) and 22°<112̅0> (in 

yellow) of the annealed sample at 250°C for different durations. 

The fraction of different twins of the hot-rolled and annealed samples 

is also presented in Figure 14(d). As can be noticed, the amount of 

contraction 56°<112̅0> and double 38°<112̅0> twins decrease drastically 

through increasing time while the amount the 22°<112̅0> double twin 

remains stable along with the entire annealing treatment. It has recently 

been demonstrated that Al and Zn solute elements can segregate during 

annealing into the twin boundaries leading to a pinning effect and 

hence preventing the twins from any growth [75,76]. In contrast, the 

fraction of extension twins 86°<112̅0> continuously increases with 

increasing annealing time. 
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Figure 13. Grain boundary misorientation distribution of AZ31 samples: (a) hot rolled and annealed for 5 min and 24 h at (b) 150°C, (c) 250°C, and (d) 350°C. 

 

 An interesting finding (Figure 14(e)) is shown in the zoomed 

area of the yellow box in the IQ map of annealed sample for 30 min 

(Figure 14(b)). Inside the grain, a trace of twin (see the black arrows) 

can be noticed in which the specific twin seems to disappear or become 

narrower during the annealing. The present phenomenon is analog 

to the manifestation of the de-twinning process observed under reverse 

loading or unloading of twinned AZ31 alloy [76,77]. The KAM map 

of this zone shows high stored energy (high GND dislocation density) 

along the twin trace (indicated by arrows). Such observation 

demonstrated that twins are a source of heterogeneity in the micro-

structure during annealing treatment. 

 

3.4 Hall–Petch relationship 

 

 The microhardness (Figure 2) and mean grain size values (Figure 8) 

were used to evaluate the static recrystallization/grain growth kinetics. 

Ultimately, it is interesting to check the validity of the Hall–Petch 

formula for the present AZ31 samples. Practically, the Hall–Petch 

formula can be articulated in terms of the Vickers microhardness by 

setting the flow stress σ equal to Hv/3 and this allows an indirect 

and very simple verification of the Hall–Petch equation [78].  

 For this purpose, the microhardness values were replotted versus 

the grain size values (Figure 15) following the Equation [78]. 

 

 Hv = Hv0 + 
KH

√D
              (10) 

 

where Hv0 is the friction microhardness that characterizes the lattice 

resistance to the motion of dislocations and KH a parameter that 

reflects the role of the grain boundaries to the hardening. The Hv0 and 

KH can be estimated from a linear fitting of Equation 10. Accordingly, 

Figure 15 shows that the Hall–Petch relationship more or less holds 

over the different annealing conditions with the fitting parameters: 

Hv0 = 35.4±2.0 Hvµm-1/2 and KH = 113.2 ±7.5 Hvµm-1/2.  

 The KH value is near to that described for other AZ31 alloys 

processed by rolling (~66.6 Hvµm-1/2 to 145 Hvµm-1/2) [79-81]. 

Globally, Figure 15 shows the validation of the Hall–Petch expression, 

however, it seems that the values at annealing for 150°C (indicated 

by arrow) slightly deviated compared to those at annealing for 250°C 

and 350°C (dash line). It can be assumed that grain size and dislocation 

density simultaneously participate to the hardening during annealing 

at low temperature (150°C). While only grain size affects the hardening 

at high annealing temperatures (250°C and 350°C). 
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Figure 14. IQ maps highlighted with different twin types of the annealed AZ31 alloy at 250°C for: (a) 5 min, (b) 30 min, (c) 24 h, (d) fraction evolution of 

different twin types, and (e) IQ and KAM maps of a zoom of the yellow box, respectively. 

 

 

Figure 15. Microhardness replotted versus the grain size values. 

 

4.  Conclusions 

 

• The static recrystallization/grain growth kinetics of the hot-

deformed AZ31 alloy were evaluated after annealing treatments at 

150°C, 250°C, and 350°C from 5 min to 24 h, respectively.  

• The static recrystallization was characterized using the JMAK 

model and seems to occur in two regimes with two Avrami exponents 

and activation energies. In regime I, the Avrami exponent was found as 

n = 1.5-0.35 depending on the annealing temperature and recrystallization 

activation energy of 74.1±5.7 kJmol-1. In regime II, a similar value of 

Avrami exponent was found near 0.1 to 0.2 in all annealing conditions 

and a very low recrystallization activation energy of 14.8±0.7 kJmol-1 

was estimated. 

• The present experimental data were in complete agreement 

with the modified JMAK equation: X=A{1 − exp(−k1tn1)} + (1 − A) 

{1 − exp(−k2tn2)}. 

• The grain growth kinetics were well fitted by the classical 

equation Dm- D0
m = ct where m = 7.9, 9.5 and 10.3 at the temperature 

of 150°C, 250°C, and 350°C, respectively and the activation energy 

of grain growth was found to be 109±0.2 kJmol-1. 

• Solute drag, formation of basal texture, and microstructural 

heterogeneities like shear bands and twinning are the main factors 

responsible for the recrystallization/grain growth activation energies 

and n and m exponent parameters of the present AZ31 alloy. 

• The evolution of microhardness against the mean grain size 

under different annealing conditions was found to obey the Hall-Petch 

relationship with the fitting parameters Hv0 = 35.4±2.0 Hvµm-1/2 and 

KH = 113.2 ±7.5 Hvµm-1/2. Nevertheless, the dislocation density seems 

to contribute to the hardening at low annealing temperature (150°C).  
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