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Abstract 

In the current work, hot cross rolling (CR) and unidirectional rolling (UR) of a typical AZ91 

alloy were used to systematically study the texture evolution and mechanical anisotropy. The 

outcomes demonstrate how much the rolling path influences the annealed texture. A texture 

with basal poles primarily distributed along the transverse direction (TD) develops in the UR. 

On the other hand, following hot cross rolling and annealing, an ellipse-like (0002) texture with 

a basal pole that slopes mostly away from the normal direction (ND) develops. As a result, the 

CR is a useful technique for customizing the experimental alloy's texture. Sadly, this ellipse-

like texture was unable to hold its shape during the unidirectional hot rolling and annealing that 

followed. Comparing UR and CR plates to conventional unidirectional rolled plates reveals a 

significant planar mechanical anisotropy. 

1. Introduction 

Because of the need for weight reduction in manufacturing, magnesium alloys are being used 

more and more in the aerospace and transportation industries [1]. However, because of their 

strong basal texture formation and limited slip systems, magnesium alloys show strong 

anisotropy and poor ductility at low and/or room temperature [2–5]. A number of techniques, 

including texture modification, temperature elevation, and grain refinement, have been used to 

increase the formability of magnesium plates [6, 7]. 

One method for changing the texture is to add rare-earth (RE) elements or calcium to 

magnesium alloy [8–10]. This has been shown to be a successful way to improve the ductility 

and formability at room temperature [11,12]. Weak textures with basal poles tilting away from 

the normal direction (ND) to the transverse direction (TD) are typically developed in 

magnesium alloys with a certain number of diluted concentrations of RE or Ca elements along 

with zinc. These alloys showed high elongations and excellent formability at room temperature 

[8,11–15]. The double-peak textured plates exhibit a notable planar mechanical anisotropy, 

which may lead to notable variations in ductility and strength when applied external stress 

along the rolling direction (RD) or the TD, respectively. As a result, during the forming process, 

it is simple to generate earrings, which is a drawback for practical application [16]. 

Certain specialized processing techniques, including torsion extrusion and equal channel 

angular extrusion (ECAE) [17–19], have been shown to be successful in creating weak (0002) 

basal textures in magnesium alloys. However, these processing technologies require more 

frequent intrusion because they are not continuous. Furthermore, the sample size is extremely 

small. By comparison, the rolling process is easy to control and less efficient due to these 

drawbacks. Additionally, it has been stated that annealing after cross rolling alternately along 
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the RD and TD is a valid method for improving the formability of aluminum AA5182 plates 

by customizing the texture [20]. Consequently, it most likely demonstrates how closely the 

strain path and texture evolution are related. In a prior study, Wang et al. discovered that altering 

the rolling directions of Mg–5Li–1Al–0.5Y alloy as it is rolled can refine the grain size and has 

a noticeable impact on its mechanical properties and texture [21]. Therefore, given that 

magnesium alloys containing calcium may weaken the basal texture following hot deformation, 

it is intriguing to investigate whether hot cross rolling could produce the same result in 

inexpensive magnesium-zinc-ca alloy plates [22, 23]. 

The microstructure and texture evolution of AZ91 alloy plates during various hot rolling 

processes were examined in the current study. In addition, the purpose of the mechanical 

property tests was to investigate the correlation between texture type and mechanical property 

in various orientations. The related mechanisms were examined and talked about. 

 

2. Experimental Procedure 

The first plate, which has a thickness of 3 mm and a relative coarse grain and random texture, 

was created using some AZ91plates that were homogenized and as-cast (Fig. 1a and b). The 

first plate was hot rolled at 400 °C and reduced by 20% overall using two distinct rolling 

techniques: cross rolling (CR) and unidirectional rolling (UR). Cross rolling (CR), as shown in 

Fig. 2, is the rolling path being alternately altered by 90° on each pass along the RD and TD. 

Unidirectional rolling (UR), on the other hand, refers to multi-pass unidirectional hot rolling 

that always occurs along the RD. In this instance, the homogenized plate's first pass rolling 

direction was RD, and its transverse direction was TD. The rolled plates  

 

Fig. 1. (a) Optical micrographs in the RD–ND plane and (b) XRD pole figures of the homogenized AZ91 plate. 

were then annealed for two hours at 400 °C in order to obtain a completely recrystallized 

microstructure. After that, the two annealed plates—referred to as UR–RD and CR–RD, 
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respectively—were multi-pass hot rolled along the RD at a constant 15% total reduction. Here, 

we kept the rolling and annealing temperatures constant with what was previously stated. 

Utilizing optical microscopy (ZEISS, Axiovert 40 MAT), the microstructure was investigated. 

Using EBSD (FEI NOVA400 SEM with Oxford-EBSD system) and X-ray diffraction (XRD, 

Rigaku D/max-2500PC), the texture was measured in the center of the RD-TD plane. After 

determining the orientation distribution function from the measured incomplete pole figures, 

the complete pole figures were rebuilt. 

The annealed plates were machined into dog-bone tension specimens measuring 14 mm in 

gauge length, 4 mm in gauge width, and 1.8 mm in gauge thickness. At room temperature, 

tension tests were conducted along the RD, 45°, and TD using a strain rate of 1 × 10−3 s−1 on a 

Shimadzu mechanical testing system [24] (Fig. 3). Using the average value of the three tests, 

the ultimate tensile strength, yield strength, and elongation were determined. 

3. Results and discussions 

3.1. Microstructure 

The optical microstructures of the hot-rolled AZ91 plates in the RD–ND plane are shown in 

Fig. 4. The CR sample shows small shear bands, which are made up of numerous twins and 

dislocations, as shown in Fig. 4a. Fig. 4c illustrates the microstructures of the UR sample, 

where dense typical shear bands are visible. Moreover, because there are more grain nucleation 

sites in dense shear bands, the grain size in the UR sample is significantly smaller than the 

grain size in the CR sample. Similar microstructures with some dense shear bands and clearly 

elongated deformed grains along the rolling direction are depicted in Figs. 4b and d. 

Furthermore, Fig. 4b–d shows a deformed microstructure with some grains that are partially 

elongated along the RD. It is evident that all of the plates have a large number of tiny dynamic 

recrystallization grains as a result of the hot rolling. 

The annealed plates' EBSD microstructure produces a fully recrystallized structure in every 

plate, as shown in Fig. 5. Figures 5a–d show average grain sizes of approximately 38 µm, 37 

µm, 38 µm, and 35 µm, respectively. 

Fig. 2. Schematic diagrams showing the two different hot rolling processes. 
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Fig. 3. Equipment and sample geometry for mechanical tests. 
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Fig. 4. Optical micrographs of AZ91 plates after different hot rolling processes at 400 °C: (a) CR; (b) 

CR–RD; (c) UR; (d) UR–RD. 
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Fig. 5. Inverse pole figure maps and pole figure maps obtained from the hot rolled samples after 

annealing at 400 °C for 2 h: (a) CR; (b) CR–RD; (c) UR; (d) UR–RD. 

3.2. Texture Evolution 

Fig. 6 displays the XRD pole figures of the hot-rolled AZ91 plates both before and after they 

were annealed for two hours at 400 °C. Following hot rolling, it displays textures with basal 

poles tilting from ND to TD. A weaker texture with a basal pole in the CR plate, as shown in 

Fig. 6a, displays an ellipsoidal form of the intensity distribution and is reserved following 

annealing. The peak intensities that are tilting toward TD and RD are slightly higher than each 

other. There is a slight increase in maximum intensity from 2.306 to 2.715. 

As opposed to this, Fig. 6c depicts a typical double peak TD-split texture in the UR plate that 

is located around 20° away from the ND and retains its texture type after further annealing. 

The results mentioned above are nearly identical to those found in the earlier study [22]. On 

the other hand, the maximum texture intensity rises to 3.270 from 2.706. The TD-split double-

peak texture is developed in both the CR-RD and UR-RD plates before and after annealing, as 

seen in Figs. 6b and d. It resembles the UR plate in that regard. The EBSD pole figure maps 

that were obtained from the hot rolled samples following a 2-hour annealing at 400 °C are in 

line with the previously reported findings, as can be observed in Fig. 5.  
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Fig. 6. Pole figures of the hot rolled AZ91 plates before and after annealing at 400 °C for 2 h: (a) CR; 

(b) CR–RD; (c) UR and (d) UR–RD. 

Naturally, the texture can be efficiently tailored both before and after annealing by changing 

the hot rolling path.CR is a useful technique for creating a random texture with basal poles 

dispersing as an oval and almost homogeneous crystallographic orientations, as demonstrated 

in Figs. 5a and 6a. This outcome nearly agrees with the findings of the earlier research [25]. It 

follows that in magnesium alloys with basal poles that largely tilt away from the ND, such as 

RE-containing or Ca-containing Mg–Zn alloys, CR may modify the texture components 

considerably [26–28]. 

An analysis of the CR and UR rolled plates is presented here because it's interesting to see how 

the textures evolved during the rolling processes due to various deformation mechanisms. Both 

CR and UR cause the basal poles to incline toward the ND, as shown in Figs. 6a and c. Since 

the initial plate's grain basal poles are mostly located away from the ND, there is a lot of basal 

slip activity during both CR and UR. It is believed that basal slip is primarily responsible for 

this rotation of basal poles toward the ND. On the other hand, the typical TD-split double-peak 

texture seen in the UR rolled plate gives way to an ellipsoidal (0002) texture in the CR rolled 

AZ91 plate. 

Furthermore, Fig. 4 illustrates that there are significantly more twins in the UR plate than in 

the CR plate, indicating a greater significance of twinning in the UR process. The distribution 

of (0002) texture along the RD differs from that along the TD because the rolling path of UR 

is constant (along the RD). Slip system activation becomes challenging, and as deformation 

increases, twining becomes the dominant mechanism, producing numerous twins and 

noticeable shear bands. Since CR has rolling paths along both the RD and TD, the stress 

concentration in the localized region is reduced and the slip systems along both directions 

should initiate, resulting in uniform deformation and fewer twins. As a result, the distribution 

of basal poles in the CR rolled plate takes the form of an ellipse as peaks of the basal poles 

incline toward both the RD and the TD. The distribution of the basal poles created in the 

preceding rolling pass may change when the rolling path is changed, which could be the cause.  

In fact, non-basal slips exhibit high activity when AZ91 plate is hot-rolled [29]. As can be seen 

in Fig. 6, some deformed grains exhibit a slightly different distribution, but their basal poles 

clearly incline about 20° away from the ND spreading along the RD. Pyramidal <c+a > slip 

was activated during the rolling of AZ31 plates, which resulted in the basal poles spreading 

from the ND toward the RD [30]. We therefore suspect that the texture in our current  
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Fig. 7. Quantitative statistics histograms of the relative different orientations of basal poles obtained 

from the hot rolled sample after full recrystallization annealing: (a) CR and CR–RD; (b) UR and UR–

RD. 

study fits this explanation. 

Further subarea statistical analysis was carried out in this study for recrystallized grains based 

on the size and orientation of basal poles away from ND toward RD/TD. It can unequivocally 

confirm if the ellipsoidal texture created by CR after annealing can be saved for the UR that 

follows annealing. In order to achieve a more dependable outcome, each inverse pole figure 

(IPF) was calculated using more than 1500 grains by measuring the EBSD data of annealing 

plates containing fully recrystallized grains (Fig. 5). 

The quantitative statistical histograms of the relative orientations of the basal poles in each 

annealed plate are displayed in Fig. 7, and they show the texture evolution's tendency. Most of 

the grains in the annealed CR plate have basal poles that tilt between 40 and 70 degrees away 

from ND. These grains can be classified as having an off-basal orientation, which refers to the 

development of a non-basal texture, as suggested by Basu and Al-Samman [27] and illustrated 

in Fig. 5a. On the other hand, the annealed CR-RD plate exhibits a higher frequency of tilting 

within the 40–60° range, leading to an elevated maximum intensity. 

Furthermore, compared to CR (Figs. 5a and c), the distribution of basal poles toward TD in the 

subsequent uniaxial rolled plates following annealing is more noticeable. The annealed CR-

RD and CR plate show quantified measurements of 67.8% of TD-split grains compared to 

52.3% for each. Meanwhile, the texture of UR plates appears to be unchanged, with basal poles 

primarily inclining about 30–60° away from ND for the cogging specimen and 60–70° for the 

UR-RD, as shown in Fig. 7b. It goes without saying that annealing could weaken each plate's 

strong basal texture, albeit at various angles and directions of inclination. The quantity variance 

of grain orientation between RD and TD could only be eliminated by CR followed by 

annealing, producing a uniform distribution. Sadly, after further rolling and annealing, this 

ellipsoidal texture could not be inherited. 

 

3.3. Mechanical Properties 

Tension tests were used to measure the mechanical properties of the annealed plate along the 

RD, TD, and 45° away from the RD. The results are shown in Fig. 8. For the annealed CR–RD 

plate, Fig. 8b demonstrates the significant variation in elongation and yield strength along the 

various directions. The yield strength along the RD is approximately 23 MPa higher than that 

along the TD. Additionally, between those along the RD and TD, the yield strength along the 

45°away from the RD acts as a mediator. The elongation in various directions, however, reveals 

a contrary trend. The characteristic double-peak texture of annealed UR-RD plates exhibits this 

phenomenon as well. Evidently, these findings show that the macroscopic mechanical 

behaviors during tensile tests were significantly impacted by the basal pole splitting toward the 

TD. The texture in this instance shows that the basal poles spread more toward the TD than the 

RD (Figs. 5b and d). As a result, the plates typically have a significant degree of planar 

mechanical anisotropy. In actuality, the (0002) texture and the activity of various slip systems 

in magnesium alloy plates are closely correlated. Along the planar TD, slip systems—especially 

basal slip—are far more active than they are along the RD. As a result, the yield strength would 

be reduced and fewer stresses would be required in the transverse direction. Furthermore, it is 

noteworthy that the sample orientation has no discernible impact on the ultimate tensile strength 

(US), which is in line with the findings in references [11,16,26,31]. 
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Fig. 8. True stress–strain curves along different directions of (a) UR–RD and (b) CR–RD hot rolled 

AZ91 plates after annealing at 400 °C for 2h. 

 

4. Conclusion 

The evolution of the AZ91 binary alloy's microstructure and texture was examined in the 

current study. The following is a summary of the primary conclusions: 

1. The hot-rolled AZ91 plate's optical microstructures reveal that the UR sample has 

significantly more shear bands than the CR sample does over the whole RD–

ND. Additionally, the UR sample's grain size distribution was more homogeneous than the 

CR sample's, which is mostly explained by the increased grain nucleation in dense shear 

bands. 

2. It was discovered that the annealing texture, whose basal poles uniformly distribute on an 

ellipse away from the ND, is significantly impacted by the hot cross rolling stage. 

However, after further unidirectional hot rolling and annealing, the cross-rolled annealing 

texture was unable to reserve. 

3. The results of mechanical property tests indicate that there is a significant variation in the 

yield strength and elongation of the annealed plates along the RD, TD, and 45° away from 

the RD. In the CR-RD annealed plate, yield strength (elongation) along the RD is roughly 

23 MPa (2.3%) higher (lower) than that along the TD, which is fairly similar to that 

obtained in the UR-RD annealed plate. 
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