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Abstract 

The microstructure and texture evolution of an AZ31 alloy were investigated after hot 

rolling and subsequent annealing using electron backscatter diffraction (EBSD). First, the 

alloy was hot-rolled at 350 °C up to low, medium and high strain (20, 50 and 85% of 

thickness reduction, respectively). The alloy samples where then annealed at 350 °C for 2, 10 

and 60 minutes. The effect of strain level and annealing on corrosion behavior in seawater 

was also evaluated using electrochemical tests. At low strain, the microstructure was 

characterised by the absence of twinning, mainly due to the prior thermo-mechanical history 

of the as-received alloy. However, various modes of twinning were observed at medium 

strain. At high strain, the dynamic recrystallization process resulted in a microstructure with a 

typical basal texture. The results demonstrate that twins are responsible for the deviation of 

{0002} basal poles from normal towards the transversal direction. Annealing at 350°C for up 

to 60 min led to normal grain growth in all the samples. In medium and highly strained 

samples, the deformation texture was retained, while the low strain sample underwent 

noticeable changes due to the absence of dynamic recrystallization. A synergetic effect of 

grain refinement and texture weakening was responsible for the alloy’s enhanced corrosion 

resistance. 
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1. Introduction 

Nowadays, one of the greatest challenges for the governments and scientists 

communities is to find new strategies and solutions for global warming and reducing 

environment pollution [1]. Among possible solutions, a replacement of the fossil fuel-based 

energy by renewable energy [2, 3], an implementation of CO2 capture and its storage (CCS) 

technologies [4] and a reduction of vehicle mass for transportation industries [5] have been 

proposed.  

The low density of magnesium, which is 36 and 78% lighter than aluminium and steel, 

respectively, makes it the most promising candidate for lighting sources [6] and energy 

storage like water/seawater-activated magnesium batteries [7]. Moreover, Mg-based alloys are 

attractive candidates for using in biomedical engineering as biodegradable temporary implants 

[8-10]. However, traditionally, Mg-based alloys comprise less than 1% of a vehicle’s weight 

[11]. The commercial use of Mg-based alloy sheets is limited, as their hexagonal close pack 

(HCP) structure and the formation of a strong basal texture [12, 13] at lower temperatures 

result in low formability. Furthermore, Mg-based alloys generally suffer from relatively poor 

corrosion resistance due to their low standard electrochemical potential, which restricts their 

use in a variety of applications [14]. 

 Modifying the microstructure of Mg-based alloys by thermo-mechanical 

processing is considered an effective way to significantly improve formability and control 

corrosion behavior by reducing mechanical anisotropy. Usually, this is achieved by promoting 

the activation of non-basal slip modes, controlling the activation of mechanical twinning, 

precipitation strengthening and the occurrence of the dynamic recrystallization (DRX) process 

[15-23]. Several DRX mechanisms have been proposed to explain the resulting microstructure 

and texture, such as twin-induced dynamic recrystallization (TDRX) [24], rotational dynamic 

recrystallization (RDRX) [25] and strain-induced boundary migration (SIBM) [25]. 

Furthermore, the microstructure of a deformed alloy is unstable due to the presence of 

deformation-induced defects, such as dislocations; hence, the material cannot be used as a 

final product. Therefore, post-deformation annealing treatments are often performed on 

processed alloys to reach a more stable state by static recrystallization and grain growth 

phenomena [26].  

Numerous studies involving the evolution of the microstructure and texture of Mg-

based alloys during thermo-mechanical processing and subsequent annealing treatments are 
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reported in the literature [13, 20, 27-40]. However, the mechanisms responsible for 

microstructure and texture evolution during deformation processing and recrystallization 

treatment are not well understood, and some reports provide controversial results. Some 

studies indicate that the occurrence of twin-induced dynamic recrystallization characterised 

by the formation of recrystallized grains inside the twins might develop a texture different 

from the deformation one [41, 42]. Other studies demonstrate that the orientations of 

dynamically recrystallized grains are the same than those of the host twins [43, 44]. 

Additionally, abnormal grain growth phenomena were observed in a hot-rolled AZ31 alloy 

during long (up to 3 days) annealing at temperatures of 260–450°C [31]. However, they were 

not observed in an AZ31 alloy after hot-rolling and subsequent annealing at 450°C for 7 days 

[45]. 

In addition to the nature of alloying-addition elements, many experimental parameters 

might control the occurrence of these mechanisms and, therefore, affect the alloy’s final 

microstructure and texture, such as the deformation conditions (i.e., the deformation 

temperature, strain, and strain rate) or annealing treatment (i.e., the temperature and duration). 

Consequently, controlling the effect of such parameters on Mg-based alloy’s performance 

could greatly improve the design of Mg-based alloys for large industrial applications.  

Thus, the present investigation explores the effects of strain levels on the evolution of the 

microstructure and texture of an AZ31 (Mg-3Al-1Zn, wt.%) alloy. The AZ31 alloy was hot-

rolled at 350°C to achieve low, medium and high strain (i.e., 20%, 50% and 85% thickness 

reduction, respectively) and subsequent annealing treatment at 350°C for 2–60 min. 

Furthermore, the corrosion behavior of the AZ31 alloy under different thermo-mechanical 

conditions in real environment like seawater (collected from the Mediterranean Sea) was 

evaluated. Previously, a investigation limited to the effect of hot-rolling on the corrosion 

behavior of the same AZ31 alloy in an artificial 0.9% NaCl (wt.%) solution was reported [46]. 

Motivated by the challenging topics, the authors aimed to extend the investigation about the 

corrosion behavior of AZ31 in seawater after recrystallization and grain growth following 

hot-rolling. The seawater was selected as corrosion solution for the present investigation 

because Mg-based alloys are one of the important anode materials used in seawater activated 

batteries [7, 47, 48]. 
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2. Experimental procedure 

2.1. Material 

Sheets of an AZ31 alloy with a thickness of 2.2 mm were kindly supplied by 

Magnesium Innovations Center (MagIC) in Germany. Detailed information regarding the 

sheet’s chemical composition are presented in Table 1. The rolling experiments were 

conducted at a nominal temperature of 350°C. The total reductions in thickness were 20, 50 

and 85%, with a rolling reduction of 0.22 mm/pass (10% reduction per pass). After each 

rolling step, the rolled samples were returned to the furnace and reheated for 10 min to regain 

the rolling temperature. After the final rolling pass, the samples were quenched in water. The 

hot-rolled AZ31 samples were then annealed at 350°C for 2, 10 and 60 min in a radiation 

furnace, followed by water quenching. 

 

2.2. Microstructural and textural observations 

The microstructures and textures of the as-received, hot-rolled and annealed samples 

were investigated using EBSD in the RD-TD plane after mechanical and ionic polishing using 

a Gatan PECS II system at a high voltage of 5 kV for 15 min, where RD and TD designate the 

rolling and transversal directions, respectively. The observations were carried out using a 

FEG-SEM SUPRA 55 VP scanning electron microscope operating at 20 kV. EBSD data 

acquisition and analysis were undertaken using a TSL orientation imaging microscopy system 

and OIMTM software. The scanned areas were 80 × 80 μm2 with a 0.2 μm step size. The grain-

size data were obtained using the usual clean up procedure with grain tolerance angle of 5° 

and a minimum grain size set at 5 pixels [21, 49-52]. All datum points with a confidence 

index lower than 0.05 were excluded from the analysis; the confidence index quantifies the 

reliability of the indexed pattern [53]. Quantitative texture analysis was carried out by 

calculating the orientation distribution function (ODF) using MTex software [54]. The ODF 

was calculated using the harmonic method (L = 22), and each orientation was modelled using 

a Gaussian function with a half-width of 5°. 

 

2.3. Vickers microhardness 

A Shimadzu type HMV-2 tester was used to measure the Vickers microhardness (Hv) 

on the RD-TD plane of the samples by using a load of 100 g (HV0.1) and a dwell time of 10 s. 

The average microhardness values were calculated from at least five indentations. 
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2.4. Electrochemical testing 

Electrochemical tests were conducted using an Autolab PGSTAT302N workstation 

and a standard three-electrode cell. The samples were embedded in an epoxy resin to isolate a 

1 cm2 area from the non-studied surfaces. The open-circuit potential (OCP) was measured for 

at least 60 min for all samples in a seawater solution (collected from the Mediterranean Sea) 

at ambient temperature. Impedance measurements were subsequently performed using a 

sinusoidal potential signal with an amplitude of 10 mV in the frequency range of 10-2–105 Hz. 

Experimental curves were fitted using Zview software. As-received sample was immersed in 

seawater for 3 h, followed by corrosion morphology analysis using a scanning electron 

microscope (SEM, FEG-SEM ZEISS Gemini) equipped with an energy dispersive 

spectrometry (EDS) system in backscatter (BSE) mode at 15 kV. 

 

 

3. Results 

3.1. Microstructure and texture of the as-received AZ31 alloy 

Figs. 1a and 1b show the microstructure of the as-received AZ31 alloy in terms of 

orientation imaging micrographs in an inverse pole figure (ND-IPF) mode and grain 

orientation spread (GOS) maps. The white and black lines in the ND-IPF map are ascribed to 

low-angle grain boundaries (LAGBs, 2–15°) and high-angle grain boundaries (HAGBs, 

>15°), respectively. The GOS approach implemented in OIM software allows the net 

separation of recrystallized and deformed grains. The GOS parameter is defined as the 

average deviation between the orientation of each point in the grain and the average 

orientation of the grain [55]. Usually, the grains were considered as recrystallized in Mg-

based alloys if the GOS parameter varied between 1° and 2° [49, 56, 57]. As shown, most of 

the grains were deformed and contained a high amount of LAGBs. In addition, some 

deformation twins could be observed in the microstructure. The black zones present in the 

microstructure indicated some highly deformed areas of the sample. The average grain size 

was found to be 16.10.6 μm. The recalculated {0002} pole figure shown in Fig. 1c indicates 

that the as-received alloy exhibited a strong (13 multiple random distributions, mrd) typical 

basal texture where the {0002} crystallites planes are oriented parallel to the sheet plane [58]. 

 

3.2. Microstructure and texture of the hot-rolled and annealed AZ31 alloy 

Fig. 2 presents an ND-IPF map of the AZ31 alloy after hot rolling up to 20, 50 and 

85% thickness reduction and subsequent annealing at 350°C for 2, 10 and 60 min. The 
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evolution of the grain size and fraction of HAGBs as a function of annealing time in the hot-

rolled AZ31 samples are shown in Fig. 3. As expected, the grain size decreased with 

increasing thickness reduction. The grain size of 20, 50 and 85% hot-rolled samples were 

14.90.4, 6.90.3 and 40.3 μm, respectively. A heterogeneous microstructure could be 

observed in the annealed samples for 2 min, with the presence of a high fraction of LAGBs 

and twins, especially in the 20% and 50% hot-rolled samples. The microstructures became 

more homogenous with increasing annealing time, and no abnormal grain growth was 

evidenced. The grain size of the 20% hot-rolled sample exhibits a continuous decrease with 

annealing time, reaching a value of 8.50.4 μm after 60 min. However, both 50% and 85% 

hot-rolled samples show a decrease in the grain size after annealing for 2 min, increasing after 

10 min and then slight increasing (6.60.6 and 5.60.4 μm for the 50% and 85% hot-rolled 

samples, respectively).  

Fig. 3b shows that the HAGBs fraction of the deformed samples was between 25 and 

35% whatever the hot-rolled thickness reduction. Annealing treatment caused an increase of 

the high-angle grain boundaries fraction of all samples indicating the occurrence of a 

recrystallization process. The HAGBs fraction after annealing for 60 min was found to be 

77.3, 80 and 82% for the 20, 50 and 85% hot-rolled samples, receptively.  

Fig. 4 shows the variation in microhardness as a function of the annealing time of the 

hot-rolled AZ31 alloy up to 20, 50 and 85% thickness reduction. It should be noted that the 

microhardness of the as-received AZ31 alloy was equal to 72.5  1.5 Hv. As expected, the 

85% hot-rolled sample exhibited the highest Hv value (86.1  1.2 Hv), followed by the 50% 

hot-rolled sample (79.5  1.5 Hv) and then 20% hot-rolled sample (74  1.6 Hv). The 

microhardness values decreased with increasing annealing time due to static recrystallization 

and grain growth processes. 

Figs. 5 and 6 present the GOS maps and evolution of recrystallization fractions of the 

hot-rolled samples as a function of annealing time, respectively. The recrystallized grain 

fraction increased with increasing annealing time for all deformed samples. Furthermore, the 

recrystallized fraction of the 60 min annealed 20% hot-rolled sample was lower (87.3%) than 

the other annealed samples (93%). Moreover, the rate of recrystallization increased with 

increasing thickness reduction. The recrystallization fraction of the 20% hot-rolled sample 

was stable after annealing for 2 min and then increased with increasing annealing time. In 

contrast, the recrystallization fraction after 2 min of annealing increased rapidly for the 50% 

and 85% hot-rolled samples. This finding might be related to stored energy increasing along 
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with the strain level. The evolution of deformation and the recrystallization texture is 

presented in Fig. 7, and the strengthening of the texture as a function of annealing time was 

evaluated using the following equation [59]: 

I = 
1

8𝜋2
∫G 𝑓2(𝑔). 𝑑𝑔                                                   (1) 

where I is the texture index, f(g) is the ODF intensity at g orientation and G is the Euler space. 

 

The strengthening of the basal texture decreased with increasing thickness reduction, 

as shown in Fig. 8. In the 20% hot-rolled sample, the basal texture remained sharp after 

annealing for 2 min (17 mrd) and seemed to weaken with increasing annealing time (8.1 mrd 

after 60 min). Consequently, the texture index of the sample continuously decreased with 

increasing annealing time, as shown in Fig. 8. Furthermore, the distributions of {0002} poles 

changed with increasing annealing time and were more distributed towards TD. Such texture 

modifications during annealing treatment could be an indication of a discontinuous 

recrystallization mechanism [60]. The distribution of {0002} poles towards TD was already 

developed in 50% hot-rolled sample as shown in Fig. 7. No changes in the texture of the 50% 

hot-rolled sample were observed with increasing annealing time, except that the texture index 

increased with annealing for 10 min and then decreased after 60 min of annealing. 

Interestingly, the texture index of both the 20% and 50% hot-rolled samples was similar after 

annealing for 10 and 60 min. The typical basal texture formed after 85% thickness reduction 

was also retained during annealing treatment. However, Fig. 8 demonstrates that the texture 

strengthening of the 85% hot-rolled sample increased with increasing annealing time.  

 

3.3. Corrosion behavior of AZ31 alloy in seawater 

Fig. 9a shows Nyquist plots of the as-received, hot-rolled and annealed for 60 min 

samples after immersion in seawater for 1 h. Notably, all samples show the presence of one 

capacitive loop in the high-frequency region, followed by an induction loop in the low-

frequency region. The similarities in the Nyquist curves indicate that the different thermo-

mechanically processed AZ31 alloy samples underwent similar corrosion mechanisms. 

However, differences in the evolution of capacitance diameters as a function of sample 

conditions indicate differences in the corrosion rate. The capacitive loop in the high-frequency 

region is related to the formation process of the corrosion product on the solution/metal 

surface, while the presence of an inductance loop in the low-frequency region is characteristic 

of pitting corrosion and dissolution of the protective film [61]. 
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Fig. 9a shows that the diameter of the capacitive loop increased with increasing 

thickness reduction. Annealing for 60 min seemed to improve the deformed AZ31 alloy’s 

corrosion resistance, as demonstrated by the increase in the diameter. However, the corrosion 

resistance of the annealed 85% hot-rolled sample was lower than that of the deformed one. To 

further explore the effect of deformation and annealing treatment on the corrosion mechanism 

of the AZ31 alloy, an electrochemical equivalent circuit was suggested, as shown in Fig. 9b. 

The corresponding fitting parameters of the Nyquist curves are presented in Table 2. 

In the proposed equivalent circuit, Rs, Rf, Rct and RL are the solution, film, charge 

transfer and inductance resistance, respectively. CPEf is a constant phase element resulting 

from the formation of corrosion product on the sample surface. The presence of CPEdl is due 

to the formation of a double layer and a charge transfer reaction between the metal interface 

and the solution. L is an inductance parameter that expresses the occurrence and amount of 

pitting corrosion [61]. Polarisation resistance can be calculated using the different resistances 

appearing in the equivalent circuit, as follows [62]: 

𝑅𝑝 = 𝑅𝑠 + 𝑅𝑓 +
𝑅𝑐𝑡𝑅𝐿

𝑅𝑐𝑡+𝑅𝐿
                                                       (2)  

 

The values of Rp are presented in Table 2. The AZ31 alloy’s Rp values increased along 

with the imposed strain, and the annealing treatment improved corrosion resistance. The Rp 

values increased from 109 to 223.6 Ω.cm2 and from 161 to 264.13 Ω.cm2 after annealing the 

20% and 50% samples, respectively. Although the annealed 85% sample (96.9 Ω.cm2) 

showed a lower value than the deformed one (174.8 Ω.cm2), the corrosion resistance of the 

annealed 85% sample was higher than that of the as-received one (76.3 Ω.cm2).  

The corrosion morphology of the as-received AZ31 alloy after immersion in seawater 

for 3 h is presented in Fig. 10 with the mean of SEM micrographs in backscatter mode at low 

and high magnifications. The corresponding EDS results (in wt.%) in analyzed points 

numbered 1, 2, 3 and 4 are also shown in Fig. 10. Obviously, the morphology of the surface 

was not uniform, and a white-coloured compound formed and engulfed the sample surface. 

An EDS analysis of this white compound (points 1 and 2) demonstrated the presence of high 

content of O (~ 52%) and Mg (~ 41%), indicating the formation of a magnesium hydroxide 

Mg(OH)2 compound rather than MgO oxide. The MgO was found to gradually transform into 

Mg(OH)2 with increasing immersion time [46]. Moreover, the thickness of MgO was found to 

decrease with increasing Al content in Mg-Al alloys [63]. A relatively high amount of Cl (~ 

3%) was also observed in these areas. The corrosion morphology also showed the presence of 
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cracks (as shown by arrows), mainly due to the dehydration of the corrosion product. The 

high resolution of the region delimited by the yellow square shows the presence of small 

‘mushrooms-like’ morphology. Similar morphologies were reported in an Mg-RE alloy 

corroded in a 3.5% NaCl solution [64]. The EDS analysis of point 3 and 4 indicates the 

presence of Mg(OH)2 compound. Interestingly, the amount of Cl in these zones was lower 

than for zones 1 and 2 (white compound). The high magnification of the red-square region 

shows the typical corrosion morphology of needle-like particles frequently reported in Mg-

based alloys [64, 65]. 

 

4. Discussion 

The present study aimed to investigate the effect of hot-rolling and recrystallization on 

the evolution of the microstructure, texture and corrosion behavior in AZ31 alloy.  

4.1. Deformation microstructure and texture 

As shown in Figs. 2 and 3, grain size decreased with increasing strain. However, the 

HAGBs first decreased with increasing strain at 50% thickness reduction (24.6%) and then 

increased at 85% thickness reduction (31.8%), mainly due to the occurrence of DRX. Fig. 5 

and the evolution of recrystallized fraction shown in Fig. 6, demonstrate that the AZ31 alloy 

underwent DRX during hot working only at medium and high strain (i.e., 50 and 85% 

thickness reduction). The absence of DRX in the 20% hot-rolled sample may be explained by 

the deformation strain level being insufficient to cause DRX. In fact, the microstructure looks 

similar to the as-received AZ31 alloy, as shown in Fig. 1a.  

The kernel average misorientation (KAM) approach is commonly used to estimate the 

distribution of strain and dislocation density in individual measured points [66]. Generally, 

the KAM method allows quantifying the average misorientation between a given point and its 

nearest neighbours belonging to the same grain. Fig. 11 presents the KAM maps and 

corresponding distributions in the hot-rolled AZ31 alloy for the three thickness reductions. 

The KAM was calculated using third-neighbor distance and 5° as the maximum 

misorientation angle. Several grains in the 20% hot-rolled sample were blue in colour with an 

assigned misorientation of less than 1° and were considered un-deformed regions. The strain 

mainly accumulated near the grain boundaries and specifically LAGBs (green colour). The 

KAM level increased (KAMavg = 2.13°) after 50% thickness reduction due to the deformation 

process and increased dislocation density. Despite increasing the thickness reduction up to 

85%, the mean KAM value seemed to remain stable (KAMavg = 2.11°). Additionally, the 85% 
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hot-rolled sample contains some blue-coloured grains (low KAM value), mostly due to the 

occurrence of DRX, as shown in GOS map (Fig. 5).  

However, microhardness values increased (Fig. 4) between 50% and 85% thickness 

reduction, indicating a continuous increase in dislocation density. Dislocations that 

accumulate in the deformed microstructure are commonly categorised into geometrically 

necessary dislocations (GNDs) and statistically stored dislocations (SSDs). The KAM 

approach can only estimate the density of GNDs [67] while microhardness measurements 

allow both types to be estimated [68]. It has been reported that GNDs are responsible for the 

increase in stored energy in the initial stage of deformation, and their contribution 

subsequently decreases due to the occurrence of DRX. However, the contribution of SSDs 

increases along with increasing strain to ensure deformation accommodation [69]. 

Increasing strain generates new orientations, as shown in the ND-IPF map (Fig. 2) and 

the evolution of deformation texture (Fig. 7). At low strain (20% thickness reduction), the 

typical basal texture was observed, as the {0002} poles were parallel to the sheet plane. The 

high intensity (~ 18 mrd) was mainly due to poor grain statistics, as shown in the ND-IPF 

map (Fig. 2). Otherwise, for the other hot-rolled samples, texture intensity should increase 

along with increasing thickness reduction. Texture sharpening upon increasing thickness 

reduction is often reported in rolled Mg-based alloys [70-72]. Texture development is usually 

strongly related to the deformation mechanisms [73]. At medium strain (50% thickness 

reduction), the {0002} basal poles are more distributed towards TD. The change in the texture 

may be related to the presence of mechanical twinning [27].  

It is known that the formation of twins during deformation strongly affects the 

resulting texture by changing the orientation of the lattice structure [74, 75]. Close inspection 

of the ND-IPF maps (Fig. 2) clearly indicates that the twins are more frequently evidenced in 

the 50% hot-rolled sample than in other samples. The fractions of common twin modes (i.e., 

{101̅2} extension twin, {101̅1} contraction twin and {101̅1}-{101̅2} or {101̅3}-{101̅2} 

double twins) in the hot-rolled samples are listed in Table 3. Unexpectedly, the 20% hot-

rolled sample presented a very low fraction of twins, especially {101̅2} extension twins. The 

presence of twins was evidenced by optical microscope in the AZ31 alloy under similar 

conditions (hot-rolling up to 20% thickness reduction) [46]. Further, optical microscope 

observations demonstrated the formation of twins only after 5% thickness reduction in an 

AZ31 alloy sample hot-rolled at 300°C [44]. The absence of twins at low strain in the 

presently studied alloy might be related to the as-received microstructure. Indeed, the as-

received AZ31 alloy exhibited a deformation microstructure. Twin generation was retarded by 
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pre-existing dislocations in the as-received alloy, which might increase the energy barriers for 

twin nucleation [76]. The number of twins increased along with strain, as shown in the 50% 

hot-rolled sample. All twin modes were present, except contraction twins (1.3%). It was 

demonstrated that contraction twin can rapidly transformed into double twin during 

deformation processing in Mg-0.41Dy (wt.%) alloy [50, 51] and AZ61 alloy [77]. A higher 

fraction of double 22°<112̅0> twins was also observed in the 85% hot-rolled sample which 

confirm the finding in Mg-0.41Dy and AZ61 alloys [51, 77].  

The decrease in twin fractions in the 85% hot-rolled sample could be correlated with 

the decrease in grain size [72, 78]. The generation of twins is hindered with decreasing grain 

size because the distribution of stress in fine grains is unfavourable for twin activation, while 

in coarse grains, it is considerably more advantageous [72]. 

Fig. 12 presents a selected region of the ND-IPF map (Fig. 2) of the 50% hot-rolled 

sample containing different twin modes. Different twin morphologies were observed in the 

hot-rolled sample. The misorientation profile along segments A to B indicates a step-like 

morphology, which form from double twins. A similar twin structure has been reported in 

several Mg-based alloys [35, 73]. The development of this twin step is governed by 

homogeneity in the stress distribution and strain level [35]. The misorientation profile along 

segments C to D shows different types of twins. The corresponding {0002} pole figure 

indicates that different mechanical twins were able to change or create different orientations 

from the typical basal texture. The extension twin caused a rotation of about 86° in the 

{0002} plane, leading to the formation of {0002}//RD. In contrast, both contraction and 

double twins caused a deviation of {0002} basal poles towards TD.  

In the literature, it has been reported that weakening of the basal texture is caused by 

the activation of twins and non-basal slip systems (i.e., <a> prismatic and <c+a> pyramidal 

slip( [79]. Indeed, the activation of prismatic <a> slip contributed to the deviation of basal 

poles about 20–40° from ND towards TD [80]. This corroborates the texture of the 50% hot-

rolled sample. However, a typical basal texture developed with increasing strain in the 85% 

hot-rolled sample. The decrease in the twin faction and activation of a <c+a> pyramidal slip 

in the deformed sample could explain the disappearance of deviation towards TD. It has been 

demonstrated by visco-plastic self-consistent (VPSC) simulation that the activation of a 

<c+a> pyramidal slip causes the splitting of the basal pole towards RD [70]. Moreover, it was 

expected that the <c+a> pyramidal slip would be more activated in the hot-rolled 85% sample 

since it is assumed that its activation increases along with thickness reduction [71].  
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The variation in texture as a function of thickness reduction is also commonly related 

to the occurrence of DRX. As shown in Figs. 5 and 6, the fraction of dynamic recrystallized 

grains increased along with thickness reduction. The textures of deformed and recrystallized 

grains of the AZ31 alloy hot-rolled to 50% and 85% thickness reduction are separately 

presented in Fig. 13 by means of recalculated {0002} pole figures. The orientations of 

recrystallized grains in the 50% hot-rolled sample differed from the deformed ones. The 

formation of an {0002}//RD orientation is indicative of a twin-induced DRX mechanism [24]. 

In fact, the twins contain high levels of stored energy and can act as favourable sites for DRX. 

Some reports demonstrated that such mechanism resulted in similar orientations than the host 

twin [43, 44]. However, the orientations of recrystallized and deformed grains were similar 

for the 85% hot-rolled sample. The difference in the orientation of dynamically recrystallized 

grains of the two hot-rolled samples suggests different nucleation behaviors during DRX. The 

change in 50% hot-rolled sample recrystallized grain orientations could be related to its high 

deformation microstructure heterogeneity, which made a wide variety of orientations 

available for recrystallization nucleation. In the 85% hot-rolled sample, the orientation of 

dynamically recrystallized grains seems to be limited to the basal orientation {0002}//ND 

initially present in the deformed microstructure. 

 

4.2. Recrystallization microstructure and texture 

The annealing treatment at 350°C for 2–60 min resulted in normal grain growth for all 

hot-rolled samples, as shown in Figs. 2 and 3. The small variation in grain-size values as a 

function of annealing time (Fig. 3a) indicates an appreciable grain refinement when compared 

to the as-received state. However, the evolution of HAGBs as a function of annealing time 

(Fig. 3b) shows that even after annealing for 60 min, the microstructure contained LAGBs 

(25%, 20% and 18% for 20%, 50 and 85% hot-rolled samples, respectively) and may indicate 

that recrystallization was incomplete. Actually, the presence of LAGBs was attributed to the 

basal texture, which resulted in low grain boundary misorientation between grains with 

similar orientations.  

The evolution of recrystallized fractions as a function of annealing time indicates that 

the 20% hot-rolled sample needed a 2 min incubation time (Fig. 6). The incubation time 

decreased with increasing thickness reduction. In fact, the decrease of the thickness reduction 

by rolling results in an increase of the deformation features such as dislocation, twins and/or 

shear bands which act as preferred nucleation sites for recrystallization, thereby increasing the 

recrystallization rate. Moreover, a close analysis of the GOS maps of hot-rolled samples 
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suggests that the DRX fraction increased with increasing thickness reduction. These 

dynamically recrystallized grains worked as a ‘precursor’ that reduced the incubation time for 

static recrystallization during annealing. Grain size was much smaller in the 85% hot-rolled 

sample compared to the other hot-rolled samples, which is consistent with the statement that 

increasing the recrystallization rate prevents grain coarsening [33].  

Furthermore, annealing the low-strained sample (20% thickness reduction) caused the 

spreading of basal poles from ND towards TD, while no changes in the recrystallization 

texture were observed in the medium- and high-strained samples (Fig. 7). Fig. 14 presents the 

evolution of the recalculated {0002} pole figure for the deformed and recrystallized grains as 

a function of the annealing time of the hot-rolled AZ31 alloy. The texture of recrystallized 

grains in the 20% hot-rolled sample differs from the deformed one while the textures of the 

recrystallized grains in 50 and 85% hot-rolled samples are very similar to the deformed ones. 

The particular {0002}// RD orientation found in the DRX grains of the 50% hot-rolled sample 

(Fig. 13) disappeared upon annealing. It has been suggested that grains with a {0002} basal 

orientation are prone to higher nucleation rates when compared to other orientations, which 

makes them more likely to vanish; thus, the {0002} basal orientation dominates the 

recrystallization texture [32]. Consequently, the occurrence of DRX in the 50 and 85% hot-

rolled samples prevented texture changes during static recrystallization. Furthermore, the 

increased texture index of both 50 and 85% rolled samples during annealing treatment 

indicates that DRX caused a net sharpening of the recrystallization texture, especially in the 

85% hot-rolled sample. 

In the literature, several parameters and phenomena have been associated with the 

variation in the recrystallization texture, including deformation heterogeneities [81], particle-

stimulated nucleation of recrystallization (PSN) [82], solute drag [83] and abnormal grain 

growth [84]. PSN and abnormal grain growth should not be responsible for the texture change 

in the present alloy since neither was clearly evidenced by EBSD analysis. However, the 

effect of solute (Al and Zn) elements on grain boundary mobility should be excluded since 

only one AZ31 alloy (with fixed composition) was used in the present study.  

DRX could be responsible for texture changes in the hot-rolled sample at low strain 

(20% thickness reduction). At low strain, the sample did not undergo DRX, unlike the 

samples hot rolled at medium and high strain. The low deformation strain could be 

insufficient to initiate DRX. It was observed that recrystallization texture weakening in the 

hot-rolled AZ31 alloy was more effective when no DRX did not occur [33]. The incubation 

time of 2 min indicates that the 20% hot-rolled sample could recover before the 
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recrystallization process. The recovery process caused the annihilation of SSDs, which 

allowed GNDs to transform into cell boundaries, leading to the formation of sub-grains with 

widespread basal pole orientations. In addition, the low strain level might increase the 

possibility of a wide range of orientations to nucleate and, therefore, result in dispersion of the 

texture (see Fig. 2). 

 

4.3. Effect of microstructure and texture variation on corrosion behavior 

Corrosion morphology and EDS analysis of the corroded surface of the as-received 

AZ31 alloy (Fig. 10) revealed the formation of Mg(OH)2, a typical corrosion product formed 

when the Mg-based alloys are immersed in an aqueous solution. The formation of Mg(OH)2 

compounds is often accompanied by hydrogen evolution based on the following equations 

[85]: 

Mg  Mg2+ + 2e-                                                      (3) 

H2O + 2e- 2OH- + H2                                                 (4) 

Mg + H2O Mg(OH)2 + H2                                             (5) 

 

The Nyquist plots and fitted parameters shown in Fig. 9 and Table 3 demonstrate that 

the AZ31 alloy’s corrosion resistance increased along with thickness reduction. Based on the 

evolution of the deformation microstructure, especially in the 85% hot-rolled sample, it can be 

concluded that improved corrosion resistance may be due to two main reasons: (i) decreased 

grain size and (ii) occurrence of DRX. Several reports have demonstrated that grain 

refinement improves the corrosion resistance of many processed Mg-based alloys [28, 86-88]. 

Decreasing grain size means increasing the fraction of grain boundaries, which ensures 

uniform corrosion product distribution across the sample surface and, consequently, decreased 

dissolution of the Mg matrix. It was recently demonstrated that galvanic corrosion 

preferentially occurs in the deformed region rather than in the dynamically recrystallized one 

[89]. This finding is consistent with the present results, where the 85% hot-rolled sample 

shows the highest fraction of DRX (Figs. 5 and 6). 

However, it has previously been reported that the corrosion resistance of an as-

received AZ31 sample was better than that of hot-rolled to 20 and 50% thickness in 0.9% 

NaCl solution [46]. Moreover, severe plastic deformation processing via high pressure torsion 

(HPT) of AZ31 and ZK60 alloys showed no significant effect on corrosion behavior when 

testing in a 3.5% NaCl solution [90]. The difference in corrosion behavior in the present study 
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could be attributed to the nature of the immersion solution. It is expected that an artificial 

NaCl solution would be more aggressive than seawater. On average, seawater has a salinity of 

approximately 3.5% and a relative ion concentration as follows: magnesium 0.129%, chlorine 

1.95%, potash 0.038%, bromine 0.067%, sodium 1.077% and calcium 0.0412% [91]. In 

addition to the presence of these different elements, seawater contains pollutants and 

decomposed organic matter, which affect the corrosion behavior of the alloy. The corrosion 

rate of austenitic stainless steel was found to be lower in seawater than in artificial 3.5% NaCl 

solution [92]. Recently, it was evidenced that alloys with small grain sizes corrode more 

easily in aggressive corrosion media [93]. 

Fig. 9 and Table 3 show that annealing treatment for 60 min at 350°C also led to an 

increased corrosion resistance of all hot-rolled samples except the 85% hot-rolled sample. It is 

well expected that the deformed sample is likely to be more prone to corrosion than the 

annealed one due to more stored strain energy in the form of deformation features 

(dislocations, twins...). However, it must be noted that the annealed 85% hot-rolled sample 

exhibited a good corrosion resistance compared to the as-received, 20 and 50% hot-rolled 

samples. This behavior could be related to the smaller grain size of the annealed 85% hot-

rolled sample (5.60.4 μm) than as-received (16.10.6 μm), 20% (14.90.4 μm) and 50% hot-

rolled (6.90.3 μm) samples (Fig. 3). It can be speculated that the decrease of the corrosion 

resistance of the annealed 85% hot-rolled sample could be attributed to the strengthening of 

the basal texture during annealing as demonstrated in Fig. 8.  

The results reveal that the annealed 50% hot-rolled sample showed excellent corrosion 

resistance. This could be associated with an optimal combination of grain refinement and 

texture weakening. Actually, the grains size of 50% hot-rolled sample decreases from 80.3 

μm to 6.60.3 μm during annealing for 60 min. In addition, the texture strength shown in Fig. 

8 demonstrated that the texture of the 50% hot-rolled sample weaken after annealing for 60 

min. Similar observations can be noticed for 20% hot-rolled sample which confirm that 

combination of grain refinement and texture weakening help to improve the corrosion 

resistance of the materials. It has been reported that grains of an AZ31 alloy with a {0002} 

basal orientation are less corroded in 3.5% NaCl solution than grains with a {101̅0} prismatic 

orientation [94]. The present study indicates that the deviation of {0002} basal pole towards 

TD observed in the annealed 50 and also 20% hot-rolled samples could be responsible for 

improved corrosion resistance when compared to the typical basal texture observed in the 

annealed 85% hot-rolled sample. In future research activities, it would be interesting to further 
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investigate the effect of {0002} basal pole deviation and its ideal position on the corrosion 

behavior of an AZ31 alloy. In addition, it will be very interesting to extent our investigations 

to highlight the existence of any limit or threshold value of grain size for enhancing the 

corrosion resistance in seawater.  

Indeed, as remarkably stated in ref. [2], the industrialization is criticized as the major 

source of releasing toxic contaminating agents into the aquatic ecosystems. The corrosion 

products resulting from used source batteries may also be classified as hazardous and 

undesirably compromise the quality of water and manifests a serious menace to human beings 

and aquatic creatures. 

Accordingly, the present results could be helpful for optimum conditions for 

controlling corrosion rate and increasing the use of Mg-based alloys in various structural 

applications.  

 

 

5. Conclusions 

The microstructure and texture of an AZ31 alloy were investigated after hot rolling at 

350°C up to 20%, 50% and 85% thickness reduction and subsequent annealing at 350°C for 

2–60 min. Furthermore, the effect of hot rolling and static recrystallization on the corrosion 

behaviour of AZ31 alloy in seawater was evaluated. The main conclusions can be drawn as 

followed: 

 The deformation microstructure depends strongly on the amount of imposed 

strain. At low strain (20% thickness reduction), a low fraction of twins was observed, 

likely due to the deformation state of the as-received alloy. A high fraction of {101̅2} 

extension twins was observed at medium strain (50% thickness reduction). However, 

at the high strain (85% thickness reduction) the microstructure was characterised by 

the occurrence of DRX. 

 The presence of twins and DRX strongly affected the deformation texture. The 

presence of twins causes the deviation of basal texture towards TD, while DRX 

exhibits a strong typical basal texture. 

 Annealing at 350°C for up to 60 min led to normal grain growth in all hot-

rolled samples. The deformation texture was retained in annealed 50% and 85% hot-

rolled samples, while a net change in the recrystallization texture was observed after 2 

min of annealing in the 20% hot-rolled sample. This behavior was attributed to the 

absence of DRX in the latter sample.  
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 The corrosion resistance of the AZ31 alloy in seawater was improved with 

increasing thickness reduction due to the decrease in the grain size and the occurrence 

of DRX. While, the improvement of the corrosion resistance in annealed samples was 

more related to the weakening of the texture. 

 A balance between grain refinement and texture weakening can help to design 

new generation of Mg-based alloy with optimum properties.  
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Figure caption 

 

Fig. 1. (a) ND-IPF map, (b) GOS map and (c) recalculated basal {0002} pole figure of the as-

received AZ31 alloy. 
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Fig. 2. ND-IPF map of the AZ31 alloy after hot rolling up to 20, 50 and 85 % of thickness 

reduction and annealing at 350 °C for 2, 10 and 60 min, respectively. 
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Fig. 3. Evolution of (a) grain size and (b) fraction of HAGBs as a function of annealing time 

of the hot-rolled AZ31 alloy up to 20, 50 and 85 % of thickness reduction, respectively. 

 

Fig. 4. Evolution of microhardness as a function of annealing time of the hot-rolled AZ31 

alloy up to 20, 50 and 85 % of thickness reduction, respectively. 
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Fig. 5. GOS maps of the hot-rolled AZ31 alloy up to 20, 50 and 85 % of thickness reduction 

and annealing at 350 °C for 2, 10 and 60 min, respectively. 
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Fig. 6. Evolution of the recrystallization fraction as a function of annealing time of the hot-

rolled AZ31 alloy up to 20, 50 and 85 % of thickness reduction, respectively. 
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Fig. 7. Recalculated basal {0002} pole figure of the hot-rolled and the annealed AZ31 alloy. 
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Fig. 8. Evolution of the texture index as a function of annealing time of the hot-rolled and the 

annealed AZ31 alloy. 

 

 

Fig. 9. (a) Nyquist plots and (b) the equivalent circuit of the as-received, hot-rolled and 

annealed AZ31 alloy in seawater. 
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Fig. 10. SEM micrograph with different resolutions and the corresponding EDS analysis in 

weight percentage of the as-received AZ31 alloy after immersion in seawater for 3 h. 

 

 

Fig. 11. KAM maps and their corresponding distributions of the hot-rolled AZ31 alloy for: (a) 

20, (b) 50 and (c) 85 % of thickness reduction. 
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Fig. 12. (a) ND-IPF map of selected region of the 50 % hot-rolled sample, (b) map showing 

the different twins, (c) misorientation profile along segments from A to B and C to D and (d) 

the corresponding {0002} pole figure indicates the orientation between grains and twins. ET, 

CT and DT correspond to extension, contraction and double twins, respectively. 

 

 

 

Fig. 13. Recalculated {0002} pole figure for the deformed and dynamically recrystallized 

grains of the 50 and 85 % hot-rolled samples, respectively. 
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Fig. 14. Recalculated {0002} pole figure for the deformed and recrystallized grains as a 

function of annealing time of the hot-rolled AZ31 alloy.  
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Table caption 

Table 1. Chemical composition (in weight percentage) of AZ31 alloy. 

Al Zn Mn Ca Cu Fe Mg 

3.45 0.98 0.28 0.002 0.002 0.004 Balance 

 

Table 2. Electrochemical parameters obtained from the fits of the experimental Nyquist data of the AZ31 samples in seawater. 

 Rs (Ω.cm2)   CPEf (F.cm-2) Rf (Ω.cm2)  CPEdl (F.cm-2) Rct (Ω.cm2) L (H.cm-2) RL (Ω.cm2) Rp (Ω.cm2) 

  Y (×10-4) n  Y (×10-5) n     

Hot-rolled           

0% 18.04 16 0.48 3.12 8.4 0.87 137.8 81.06 56.4 76.31 

20% 11.96 7 0.31 5.4 8.45 0.89 176.8 97.62 94.53 109.08 

50% 16.55 100 0.35 6.88 5.07 0.98 230.8 189.7 141.7 161.02 

85% 14.7 40 0.39 8.51 2.8 0.95 466.3 1111 154.4 174.84 

Annealed           

20% 13.79 1.9 0.52 15.17 4.27 0.92 611.2 315.2 199.5 223.62 

50% 14.55 1.9 0.6 64.98 4.03 0.96 710.2 533.5 201.5 264.13 

85% 14.21 21 0.5 7.38 4.96 0.91 376.7 178.9 76.81 96.92 
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Table 3. Fraction (F) of different twins identified in the hot-rolled AZ31 samples (from 

Fig. 2). 

Twin mode Misorientation 

(Angle/Axis) 

  F (%)  

  20 % hot-

rolled 

50 % hot-

rolled 

85 % hot-

rolled 

{10𝟏̅2} extension twin 86°8°<112̅0> 1.8 5.1 1.5 

{10𝟏̅1}contraction twin 56°8°<112̅0> 1.1 1.3 1.5 

{10𝟏̅1}{10𝟏̅2} double twin 38°8°<112̅0> 1.4 2.4 1.7 

{10𝟏̅3}{10𝟏̅2} double twin 22°8°<112̅0> 1.1 2.0 3.4 

 


