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Abstract 

The grain growth kinetics of an extruded fine-grained Mg–9Gd–4Y–0.4Zr (wt.%) alloy 

was investigated by static annealing in the temperature range of 673–773 K. In addition to 

the microstructural evolution, textural evolution of the material was also studied during 

high temperature exposure. The material revealed an unusual basal texture in the extruded 

condition which was weakened after annealing. The material behavior can be divided into 

two temperature regimes; namely, from 673 K to 723 K and from 723 K to 773 K. 

According to the obtained data, although the material shows superior thermal stability in 

comparison with the conventional Mg alloys, it looses most of its resistance to grain growth 

at temperatures higher than 673 K. It was observed that although the Mg3(Gd,Y) 

precipitates have sufficient thermal stability to restrict grain growth, significant grain 

growth occurs at the highest temperatures where increased mobility of the grain boundaries 

seems to be dominant. However, there is restricted growth at lower temperatures, where 

the grain growth is controlled by lattice self-diffusion.  
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Introduction 

 Magnesium alloys have been the subject of many investigations because of their 

low density, good castability, high specific strength and stiffness combined with their 

reasonable cost. Despite these advantages, Mg alloys suffer from poor room temperature 

formability because of the limited slip systems in their hexagonal close-packed (hcp) 

structure [1]. In addition, there are limitations associated with heating simple magnesium 

alloys to high temperatures because the microstructures of fine-grained alloys tend to be 

unstable and exhibit extensive grain growth. Attempts have been made to improve their 

thermal stability by the addition of different alloying elements and in this respect it was 

reported that the addition of gadolinium (Gd) and other rare earth (RE) elements leads to a 

remarkable improvement in the mechanical properties at high temperatures due to solution 

and precipitation hardening [2–5].  

Recently, excellent thermal stability was achieved in a series of Mg–Gd alloys 

which has permitted the occurrence of extensive superplasticity in these alloys. The 

microstructure of the Mg–Gd alloy was investigated in earlier research [6–8]. The high 

thermal stability is usually related to the stable precipitates present in the microstructure of 

these alloys. It has been reported that different precipitates such as Mg24Gd5, Mg5Gd and 

Mg3Gd can be formed in these alloys. Thus, the most important feature of Mg–Gd alloys 

is their excellent resistance to grain growth which permits the use of high testing 

temperatures and provides the ability to achieve high strain rate sensitivities [9]. Excellent 

resistance to grain growth up to 573 K was reported for an Mg–10Gd alloy processed by 

high pressure torsion [10] and another report showed no significant grain growth at a 

temperature of 673 K while studying the superplastic behavior of an extruded Mg–8Gd–
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3Y–0.5Zr alloy in the temperature range of 673–763 K [11]. It was also reported that 

additions of only 0.3–0.7 Gd to an Mg–2Zn alloy suppressed grain growth during the 

annealing process [12]. Although excellent resistance to grain growth has been reported 

for several different Mg–Gd alloys, there has been no comprehensive study of the grain 

growth kinetics in these alloys, especially at temperatures higher than 673 K. Also, 

microstructural and textural evolutions of these alloy during grain growth has not been well 

investigated in the literature. Accordingly, the aim of this investigation was to study the 

grain growth kinetics of an extruded Mg–9Gd–4Y–0.4Zr alloy in the temperature range of 

673–773 K, where earlier results demonstrated the potential for achieving superplastic 

behavior in this alloy [13]. Microstructure and texture of the alloy are also investigated in 

detail to rationalize different behavior of the material at the selected temperatures.  

 

Experimental material and procedures 

 The material used in this investigation was a Mg–9 wt.% Gd–4 wt.% Y–0.4 wt.% 

Zr alloy (hereafter, all alloy compositions are in weight percent, unless otherwise stated). 

The alloy was prepared from high purity Mg and Mg–30Gd, Mg–30Y and Mg–30Zr master 

alloys which were melted in an electrical furnace under a covering flux. Extrusion was 

conducted using an extrusion ratio of 19:1 at a temperature of 673 K. Slices of ~1 mm 

thickness were cut from the extruded bars in directions perpendicular to the extrusion axis 

and then ground to thicknesses of ~0.7 mm. The microstructure of the material was 

examined by optical and scanning electron microscopy (SEM) and the grain size and grain 

size distribution was measured. At least 500 grains were considered for the grain size 

distributions and the weighted average grain diameters were obtained using a Clemex 
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professional image analysis program according to the ASTM E112 standard. The electron 

backscattered diffraction (EBSD) was used to study the misorientation angles of grain 

boundaries and also texture evolution. The specimen preparation for EBSD involved SiC 

paper grinding and diamond paste polishing, followed by a 3–h vibratory polishing with 

an alcohol based alumina.  

 

Experimental results 

Microstructural evolution 

 

 The transverse and longitudinal microstructures of the alloy in the as-extruded 

condition are shown in Fig. 1. It is apparent that both microstructures consist of equiaxed 

grains, implying that dynamic recrystallization (DRX) occurred during the hot extrusion 

process. Accordingly, no effects of deformed and elongated grains were observed in the 

longitudinal direction and thus further microstructural investigations are focused 

exclusively on the transverse direction. In fine-grained materials, the uniformity of the 

grain size distribution is important in addition to the average grain size because the width 

of the distribution may affect the mechanical properties. Accordingly, the grain size 

distribution data collected from a number of samples are shown in Fig. 1c. It is clear that 

the results show a near-normal distribution with an average grain size of ~8.6 µm and a 

standard deviation (S.D.) of ~2.0 µm. This grain size is slightly smaller than the grain size 

of ~10 m reported earlier in an investigation using lower extrusion ratios [9]. It can be 

seen from Fig. 1c that all grains fall within the narrow range of 4.7–14.2 µm so that there 

is a narrow grain size range in this condition. 
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SEM micrographs of the alloy are shown in Fig. 2. As can be observed, the 

microstructure consists of some cubic precipitates with different sizes, located both at grain 

boundaries and inside the grains. Fig. 2b shows a relatively large cubic precipitate (about 

6 m in diameter) near the center of a grain. EDS analysis was performed on different 

(about 10) cubic precipitates and also the surrounding particle-free matrix to determine the 

chemical compositions and the average values were reported. EDS point- and line-scan 

results are presented in Fig. 3. EDS line-scan results, performed on a relatively large cubic 

particle, demonstrate that this particle seem to be rich in Gd and Y. EDS point-scan results 

on points A, B and C in Fig. 3 show that the average nominal composition of the cubic 

precipitates is Mg72(Gd,Y)28, which can be approximated as Mg3(Gd,Y), as suggested by 

other investigations on similar alloys [9]. 

 In order to study the occurrence of grain growth at high temperatures, static 

annealing was performed for different times on samples in the temperature range of 673–

773 K. This temperature range was selected because earlier research showed these 

temperatures produced the highest strain rate sensitivities [13]. The microstructure is 

shown in Fig. 4 after annealing for periods of either 15 min (left column) or 120 min (right 

column) at different temperatures from 673 to 773 K. To obtain a better understanding of 

the occurrence of grain growth, the grain size distributions are also shown in Fig. 4 for each 

annealing condition. It is observed that increases in the annealing time at each temperature 

lead to increases in the grain size ranges, decreases in intensity of the counts and a general 

increase in the average grain size. The amounts of these changes are different at each 

temperature so that different growth kinetics occurs at different temperatures. Also, the 
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variations of the standard deviations denote an increased scattering of grain sizes from the 

average value when increasing either the time or temperature of annealing.  

To understand better the microstructural changes at high temperatures, the SEM 

micrographs of the alloy after annealing for 120 min at 673, 723 and 773 K, are shown in 

Fig. 5. As is visible in this figure, although the precipitates have restricted grain growth in 

some grains by pinning the grain boundaries, this behavior is not homogenous throughout 

all of the microstructure. Thus, the precipitates in the present alloy show the ability to 

restrict grain growth whenever they have interacted with the grain boundaries. But as 

shown in this figure, there are many precipitates in the microstructure which are located 

within the grains and not at the grain boundaries. Another important feature of this figure 

is that the volume fraction of the precipitates seems to increase in high temperature 

exposure, due to the precipitation of cubic particles. The precipitation is more severe at 773 

K.  

A comparison of the EDS line-scan results of the precipitates after annealing for 

120 min at 723 and 773 K is shown in Fig. 6. Also, the EDS point-scan results on selected 

precipitates together with the surrounding matrix are summarized in this figure. The results 

indicate that the precipitates are rich in Gd and Y, and the average nominal composition 

seems close to Mg3Gd. However, comparison of the composition of the matrix before and 

after annealing shows that there has been a slight reduction in the Gd and Y concentrations 

after high temperature exposure. This is reasonable by considering the volume fraction of 

precipitates in the annealed samples (Fig. 5). 
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Texture evolution through EBSD 

Texture evolution during high temperature exposure is also important for 

magnesium alloys in addition to the microstructural changes. Accordingly, Fig. 7 exhibits 

the EBSD orientation maps of the alloy both before and after annealing at 723 K for 120 

min. As can be observed, the as-extruded material possesses a very uniform equiaxed 

recrystallized grain structure and no deformed or elongated grains are detected in the 

microstructure. Also, it seems that the (0001) plane of the most of the grains has been 

aligned perpendicular to the extrusion direction. On the other hand, extensive grain growth 

together with some changes in the orientation relationships of the grains has occurred by 

annealing at 723 K. Misorientation histograms of both conditions show that almost all of 

the grain boundaries are of high-angle type. Also, there is a small shift in the number 

fraction of the grain boundaries toward higher angles after annealing.  

The texture evolutions of the material after extrusion and annealing are shown in 

Fig. 8. Thus, although the material shows a weak  fiber texture, it shows a 

relatively severe basal texture with maximum intensity of about 8.1 MRD (multiplies of 

random distribution). The basal texture is in such a way that the (0001) planes are aligned 

perpendicular to the extrusion direction, in contrast to the most common texture of the non-

RE-containing extruded magnesium alloys, since the general trend is that basal planes 

would be aligned parallel to the extrusion direction. Thus, the material shows an unusual 

texture in the extruded condition which has rotated about 90° from the usual basal texture 

of extruded magnesium alloys and corresponds to an extrusion direction parallel to the c-

axis, so the prismatic planes are parallel to the extrusion direction. The texture results of 

the annealed sample reveal a weakened basal texture with maximum intensity of around 
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2.3 MRD.  It should be mentioned that the texture data were recorded from a large area of 

about 1.5 mm × 1.5 mm and thus there is no probability of local heterogeneities in the grain 

orientations such as shear bands. Fig. 7 also shows that the grains are uniformly distributed 

in the microstructure.  

 

Grain growth study 

The measured average grain sizes are plotted against the annealing time in Fig. 9 

for each annealing temperature. Thus, a generally normal increase in grain size with 

increasing time is observed at each temperature although there is a relatively sharp increase 

in grain size after very short annealing times and this sharp increase is more significant at 

the higher temperatures.  

To provide a better representation of the data, Fig. 10 shows a grain growth map of 

the alloy where the iso-grain growth factor contours are plotted against the annealing 

temperature and the total time of exposure. The grain growth factor was simply defined as 

100 × (D–D0)/Do, where D and D0 are the current and initial values of the average grain 

size, respectively. This plot provides a simple pictorial representation of the resistance of 

the material to grain growth over the total spectrum of temperature and time. It is 

reasonable to conclude from this plot that the material resistance to grain growth decreases 

with increasing time and/or temperature and thus extensive growth may be anticipated at 

very high temperatures and long annealing times. An interesting conclusion from Fig. 10 

is that the grain growth factor of about 93 experienced after 120 min at 673 K would be 

attained after a much shorter time of less than 5 min when annealing at either 723 or 773 

K. It follows, therefore, that the alloy loses most of its resistance to grain growth at 
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temperatures higher than about 673 K. Accordingly, it is reasonable to investigate the grain 

growth mechanisms occurring at different temperatures.     

 

Discussion 

Microstructural evolution 

According to the Mg-Gd phase diagram [14], Gd has limited solubility in Mg at 

room temperature. Thus, the microstructure of the alloy in the as-extruded condition 

consists of a supersaturated solid solution of Gd in Mg. The EDS results of the matrix show 

that the concentration of Gd in Mg decreases slightly after high temperature exposure. This 

indicates that although solubility of Gd in Mg should increase with temperature (around 18 

wt. % at 773 K), Gd has not become dissolved any more at high temperatures even after 

120 min. This may arise from the difficult diffusion of large Gd atoms among the Mg 

atoms. However, it seems that there is some precipitation at high temperatures and the 

volume fraction of precipitates increases with increasing temperature. The EDS results of 

the precipitates also reveal that there is no considerable change in the chemical 

composition. In fact, the microstructures of the material showed that Mg3(Gd,Y) particles 

are able to withstand temperatures as high as 773 K, at least for 120 min exposure. These 

particles are the main reason for the excellent thermal stability of Mg-Gd-Y alloys by 

comparison with conventional Mg-Al-Zn alloys and can restrict grain growth by pinning 

the grain boundaries whenever they are located at the grain boundaries. However, even 

Mg-Gd-Y cannot retain a fine grain structure at temperatures higher than 673 K, because 

of the increased mobility of grain boundaries and also the faster diffusion rates.  
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Texture evolution 

 

The addition of RE elements to the magnesium alloys leads to distinct 

microstructures and textures not observed in common magnesium alloys such as AZ31. In 

this study, the material showed an unusual basal texture, where the basal planes were 

aligned perpendicular to the extrusion direction. This is in contrast to the general texture 

of extruded magnesium alloys where the basal planes usually align parallel to the extrusion 

direction. Such unusual textures have been rarely reported previously in the literature. 

Robson et al.  [15] reported such texture in extruded Mg–6Y–7Gd–0.5Zr alloy and related 

it to the dynamic recrystallization of the material during extrusion. Also, they showed that 

this special texture only occurs at high extrusion ratios, and reported such a texture at an 

extrusion ratio of 17:1. The interesting point of their research was that the material showed 

conventional textures at lower extrusion ratios (10:1) [15]. Therefore, it seems that the 

unusual texture of the extruded material may arise from three important parameters; A) RE 

elements, B) high extrusion ratio, and C) DRX.  

Regarding the effects of RE elements on the texture modification of magnesium 

alloys, it has been stated that two aspects can be considered: oriented nucleation and 

oriented growth. From the oriented nucleation aspect, RE elements modify the 

recrystallization texture by providing potent nucleation sites with orientations distinct from 

the typical deformation texture via shear band nucleation (SBN) [16,17] and particle-

stimulated nucleation (PSN) [18]. Regarding the oriented growth aspect, RE elements 

influence the final texture by affecting the growth advantage of specific orientations 

through Zener drag [19] or solute drag [20]. Another important effect of RE elements is to 

activate other slip systems in addition to the basal planes by decreasing the critical resolved 
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shear stress (CRSS) of these other systems. In this way, the deformation basal texture 

would be weaker. However, although the presence of RE elements plays an important role 

in enhancing the texture of Mg alloys, their presence cannot be mainly responsible for the 

observed unusual texture, since such textures were not observed at lower extrusion ratios 

in RE containing alloys [15]. It seems that the most important effect of high extrusion ratios 

would be accommodation of large amounts of strain on slip systems which can promote 

again activation of non-basal slip systems. Accordingly, the high temperature of extrusion 

deformation, the RE elements and the high extrusion ratios seem to assist the activation of 

other slip systems in addition to the basal systems. By contrast, the high extrusion ratio 

used in this study (19:1) would result in a high stored energy in the material which can 

promote DRX.  

It seems that the present unusual texture component arises from dynamic 

recrystallization. Unlike the discontinuous recrystallization that involves nucleation and 

nuclei growth, continuous recrystallization does not involve any long-range migration of 

high-angle grain boundaries (HAGBs). Instead, low-angle sub-boundaries gradually 

transform in situ into HAGBs through progressive accumulation of dislocations. 

Dislocation activities during recrystallization can be inferred from the sub-boundary 

misorientation axes distribution. The sub-boundaries with misorientation axes lying in the 

basal plane are related with the accumulation of basal dislocations, which has a tendency 

to rotate the sub-grains to a basal orientation. The sub-boundaries with misorientation axes 

having an inclination to the basal plane, on the other hand, are thought to correspond to the 

incorporation of non-basal dislocations and thus correlate with texture randomization. 

Therefore, it can be concluded that the co-existence of RE elements, high deformation 
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temperature and high extrusion ratios will result in the activation of other slip systems in 

addition to the basal slip. The non-basal dislocations can make the misorientation axes have 

some inclinations to the basal plane and thus the newly-formed grain can have a different 

growth advantage from the basal orientation. This means that there would be a growth 

advantage for the newly-formed grains to align themselves in such a way that their c-axes 

are aligned parallel to the extrusion axis. The local rotation of the sub-grains as a result of 

increased non-basal dislocations was also reported as the main reason for the conventional 

rolling texture weakening in a ZEK100 alloy [21]. The other reason of such growth 

advantage can be also the RE elements solute or Zener drag effects. Accordingly, the 

texture of the extruded material was significantly different from the non-RE containing 

alloys with low extrusion ratios. The texture of the material after annealing shows that grain 

growth has weakened the recrystallized texture and there would be no strong basal texture 

after severe grain growth at 723 K.  

 

Grain growth kinetics 

A true understanding of the grain growth kinetics and mechanisms at high temperatures is 

necessary in order to enhance the high temperature mechanical properties of materials. 

Accordingly, the measured grain sizes were plotted against time on logarithmic scales in 

Fig. 11 so that the grain growth exponent is estimated using the following relationship: 

)RT/Qexp(CtDD nn  0         (1) 

where n is the grain growth exponent, t is the annealing time, Q is the activation energy for 

grain growth, R is the gas constant, T is the absolute temperature and C is a kinetic constant. 

In practice it was found that the various datum points were not well fitted by a single line 
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in Fig. 11 and instead there were different slopes for two different stages of annealing 

which are designated stages I and II.  Table 1 summarizes the estimated grain growth 

exponents for stage I at very short times up to ~5 min and stage II at longer times.  

From these results it is apparent that grain growth occurs very rapidly in the first 5 

min at 723 and 773 K and then reaches a steady state behavior with a lower value of n 

whereas at 673 K the grain growth rate is low initially and thereafter there is a higher value 

of n at times greater than ~5 min. These results establish that there are different grain 

growth kinetics for this alloy at lower and higher annealing temperatures and it is 

reasonable to anticipate that this difference will affect the measured values of the strain 

rate sensitivities in high temperature testing.  

 The variation of the grain size with annealing time as shown in Fig. 11 demonstrates 

that the traditional kinetic theory of grain growth as expressed by Eq. (1) does not 

adequately predict the total growth behavior and this matches a very early model developed 

specifically for grain growth kinetics [22]. An inherent assumption in this model is that the 

drag force is independent of the local grain size and this means in practice that the rate of 

grain growth is not controlled by the instantaneous grain size, D. On the contrary, it was 

argued that the decreasing difference between the ultimate limiting grain size, Dm, and the 

changing value of the instantaneous grain size, D, can control the growth rate so that the 

growth relationship becomes 

)RT/Qexp(
D

tk
)

DD

DD
ln(

D

DD

mm

m

m








2

000

    (2) 

where Dm is the limiting ultimate grain size for any selected annealing temperature and k0 

is a material constant.  
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It follows, therefore, that by differentiating Eq. (2), the basic growth rate equation 

may be expressed as 

)
DD

(k
dt

dD

m

11
         (3) 

where the constant k is defined as k0 exp(−Q/RT). Fig. 12a shows a linear representation 

of dD/dt against 1/D obtained at different annealing temperatures. According to Eq. (3), 

the value of k can be obtained from the slopes of these lines at each temperature.  Thus, the 

slopes of the lines in Fig. 12a increase with increasing temperature and thus it is concluded 

that the grain growth rate increases according to Eq. (3). Since k has an Arrhenius type 

relationship with temperature, it follows that k0 and Q may be obtained by plotting ln(k) 

against 1/T as demonstrated in Fig. 12b. This suggests that the material behavior can be 

divided into low temperature (673–723 K) and high temperature (723–773 K) regimes with 

activations energies of ~147 ± 5 and ~50 ± 5 kJ mol–1 in these two regions, respectively.  

 The activation energy obtained for the low temperature regime is close to the value 

anticipated for lattice self-diffusion in Mg (~135 kJ mol–1 [23]) which shows that the 

growth process in this region is controlled by lattice self-diffusion. Other investigators have 

also reported similar results for grain growth of Mg alloys in this temperature range. For 

example, an activation energy of ~111 kJ mol–1 was reported in the temperature range of 

640–740 K for an AZ31 alloy processed by equal-channel angular pressing (ECAP) and 

containing Al2O3 particles [24] and in another investigation an activation energy of ~109 

kJ mol–1 was reported for an AZ31 alloy in the temperature range of 673–748 K after 4 

ECAP passes [25].  

The activation energy in the high temperature regime is lower than the activation 

energy of either lattice self-diffusion (~135 kJ mol–1) or grain boundary diffusion (~92 kJ 
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mol–1 [26]) in Mg. Nevertheless, similar low activation energies were also reported earlier 

for grain growth in Mg alloys although these values were obtained over lower temperature 

ranges. For example, an activation energy of ~32 kJ mol–1 was reported for the AZ31 alloy 

at temperatures below 630 K [27] and it was related to the energy for the re-ordering of 

grain boundaries in the fine-grained material. Similarly, a low value of Q in an AZ31 alloy, 

measured in the low temperature range of 473–673 K, was attributed to the unrecrystallized 

microstructure where the non–equilibrium grain boundaries contained a large number of 

extrinsic dislocations [25]. In another investigation, activation energy of about 24 kJ mol–

1, obtained in the temperature range of 523–673 K, was related to the progressive decrease 

in dislocation density by enhanced recovery [27]. However, the present results are different 

because of the use of a higher range of temperature.  

 Inspection of Eq. (3) shows that the constant k is a kinetic parameter related to the 

grain boundary mobility, M. It follows, therefore, that k should increase with increasing 

temperature as observed in Fig. 12. However, according to the values of k0 shown in Fig. 

12b, k0 decreases with increasing annealing temperature. Thus, Q will decrease with 

increasing temperature to compensate for the effect of k0. This means that, by considering 

the relation between k and mobility, the pre exponential constant decreases but the mobility 

of the grain boundaries increases with temperature by reducing the height of the energy 

barrier during grain growth.  Accordingly, it is concluded that the low activation energy 

obtained in the high temperature regime (723–773 K) is due to the increased mobility of 

the grain boundaries at high temperatures because less energy is then needed to overcome 

the obstacles to grain growth.  
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Based on this analysis, it is concluded that grain growth of the Mg–9Gd–4Y–0.4Zr 

alloy is reasonably restricted up to temperatures as high as about 673 K. This is high for 

conventional Mg alloys but it is noted that the Mg–Gd–Y–Zr alloy showed significant grain 

growth at higher temperatures even when the annealing time was very short. This was 

shown to be due to a change in growth kinetics and the rate controlling mechanisms. In the 

temperature range of 673–723 K the grain growth is controlled by lattice self-diffusion and 

the growth rate increases at higher temperatures due to the increased mobility of the grain 

boundaries.  

 

Conclusions 

1. The grain growth kinetics of an extruded Mg–9Gd–4Y–0.4Zr alloy was investigated 

by isothermal annealing in the temperature range of 673–773 K for 5–120 min. A grain 

growth map was developed, from which the grain growth severity could be obtained 

through grain growth factors for different combinations of annealing times and 

temperatures. 

2. Grain growth was restricted at the lower annealing temperatures but there is 

enhanced grain growth at high temperatures.  The grain growth is controlled by lattice self-

diffusion in the temperature range of 673–723 K but the increased mobility of the grain 

boundaries lead to a low activation energy for grain growth at temperatures in the range of 

723–773 K.  

3. The Mg3(Gd,Y) precipitates showed sufficient thermal stability to restrict grain 

growth at high temperatures. These particles restrict grain growth by grain boundary 

pinning. 
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4. The material revealed an unusual basal texture in the extruded condition, where the 

basal planes were aligned perpendicular to the extrusion axis. This was attributed to the 

high extrusion ratio and dynamic recrystallization, which can result in grain rotation due 

to growth advantage. The basal texture was weakened after annealing.  
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Figure captions 

Fig. 1 Optical micrographs of the: (a) transverse, and (b) longitudinal directions of the as-

extruded material. (c) Grain size distribution of the transverse direction. 

 

Fig. 2 SEM micrographs of the alloy, showing the morphology of the precipitates. 

 

Fig. 3 EDS line- and point-scan results of the extruded material. 

 

Fig. 4 Microstructure and grain size distributions of the material after annealing.  

 

Fig. 5 SEM micrographs after annealing for 120 min at: 673 K (a and b), 723 K (c and d), 

and 773 K (e and f). 

 

Fig. 6 EDS line- and point-scan results of the alloy after annealing for 120 min at; (a) 723 

K, and (b) 773 K. 

 

Fig. 7 The EBSD orientation maps and the corresponding misorientation histograms 

before (a and b) and after annealing at 723 K for 120 min (c and d). 

 

Fig. 8 Pole figures of the material in the: (a and b) extruded, and (c and d) annealed (673 

K, 120 min) conditions. 

 

Fig. 9 The variation of average grain size with annealing time at different temperatures.  

 

Fig. 10 Grain growth map, showing the grain growth factor at the investigated 

temperatures and annealing times. 

 

Fig. 11 Re-plotting the data of Fig. 9 on a log-log scale to obtain n-values according to 

Eq. (1). 

 

Fig. 12 (a) plot of dD/dt against 1/D to determine the k parameter in Eq. (3), and (b) plot 

of k against 1/T on a semi log scale to calculate activation energies according to the 

Burke’s model. 

 

 

Table 1 Grain growth exponents for stages I (short times) and II (long times) at different 

temperatures 
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