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Abstract 

An abnormal texture with c axis of the grains parallel to extrusion direction (ED) was 

found in extruded Mg-Y-Sm-Zn-Zr alloy. The mechanisms for the formation of this abnormal 

texture were investigated based on the dynamic recrystallization (DRX) mechanisms and 

deformation modes during extrusion using electron backscatter diffraction (EBSD) and a 

viscoplastic self-consistent (VPSC) model. The microstructure evolution during extrusion 

indicated that the abnormal <0001>//ED texture was dominated by DRX grains. With the strain 

increasing, the intensity of this texture enhanced. Based on the EBSD results analysis, 

discontinuous dynamic recrystallization (DDRX) played the dominated role in nucleation of 

the new grains at the initial stage and then continuous dynamic recrystallization (CDRX) was 

activated at high strain. The formation of abnormal <0001>//ED texture was attributed to the 

activation of <c+a> slips and it could promote the rotation of c-axis of grains to ED, which 

contributed to the formation of <0001>//ED texture. The simulated texture predicated that the 

CRSS of basal slip was higher than that of pyramidal <c+a> slip, which played an important 

role in contributing the formation of the <0001>//ED texture component. 



2 

 

 

Keywords: Mg alloy; Texture; Recrystallization; Dislocation; Simulation. 

 

1. Introduction 

Strong basal texture, with c axis of grains perpendicular to rolling/extrusion direction 

(RD/ED) formed after hot deformation in conventional Mg alloys, leads to yield asymmetry in 

tension /compression [1,2] and low ductility[3,4]. The primary reason for the formation of basal 

texture is resultant from the limitation of the activated deformation modes in Mg alloys. These 

shortcomings are rooted in the hexagonal close-packed (hcp) crystal structure which has plastic 

anisotropy and lower symmetry [5]. In this condition, the easiest slip system is basal (0001) 

<112̅0> slip [6]. However, basal <a> slip is not capable of accommodating tension or 

compression along the c-axis. According to the von Mises criterion, plastic deformation of 

polycrystalline Mg alloys requires five independent deformation modes [7]. Thus, it is 

necessary to increase the activity of non-basal (112̅3)(<c + a>) slip systems or mechanical 

twinning, which can accommodate the strain along the c axis of Mg alloys [6,8]. 

Many efforts have been made to weaken the basal texture and improve the formability of 

Mg alloys. In particular, alloying additions draw particular attention in achieving the random 

orientation and high performance of Mg alloys [9]. Agnew et al. [10] revealed that the <c+a> 

dislocations were observed at the majority of the compressed grains, indicating the addition of 

Li promoted the activity of the non-basal dislocation. They attributed this to the solid solution 

of Li, which changes the stacking fault energy (SFE) in accordance with their theoretical 

investigations. Notably, rare earths (REs) have been used to weaken or modify the strong basal 

texture in various ways [11-14]. Sandlöbes et al. [15] showed that Mg deformed mainly by <a> 

basal slip and tensile twinning without Y, while after Y addition it deformed by a high activity 

of compression twinning, secondary twinning and pyramidal <c + a> slip. It was concluded 

that the change of SFE on either basal or pyramidal planes would change the critical resolved 

shear stress (CRSS) for the corresponding deformation mechanisms and therefore influenced 

their relative activity. Barrett et al. [16] investigated the Y effect in a binary Mg-Y alloy by 

electron back-scatter diffraction (EBSD) and molecular dynamics and found that Y segregation 

on grain boundaries curtailed conventional recrystallization and reduced the grain boundary 

mobility. Therefore, it could hinder the formation of the dominance of <101̅0> extrusion 

texture and allow other grain orientations to stabilize, resulting in a more randomized texture. 
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Mg-Sm alloys have been demonstrated to have a balanced cost-efficiency and good aging 

hardening effect [17]. In previous work [18] a conclusion that Mg-Y-Sm-Zn-Zr alloy had a 

high aging hardening and good comprehensive mechanical properties, compared with other 

Mg-RE alloys with similar RE contents was also shown. Moreover, an abnormal 

<0001>//ED texture component with c-axis of most grains parallel to extrusion direction was 

found in an extruded Mg-Y-Sm-Zn-Zr alloy [19]. This texture could lead to the reduction of 

the yield asymmetry of Mg-Y-Sm-Zn-Zr alloy (tension/compression=0.94) along the 

processing direction [19] and is expected to extend its applications as structural components, 

such as beam, which are stretched and compressed simultaneously during work. However, the 

detailed formation mechanisms of this abnormal texture are not clear. It is necessary to clarify 

the reasons for this texture, based on which more Mg alloys with controllable texture can 

subsequently be designed to meet special aims.  

2. Materials and methods 

2.1 Materials  

An alloy with a nominal composition of Mg-7Y-5Sm-0.5Zn-0.3Zr (hereafter referred in 

wt% if is not otherwise mentioned) was made by melting high purity Mg and Zn (≥ 99.9%), 

Mg-30% Y, Mg-20% Sm and Mg-30% Zr master alloys under a mixed Ar and SF6 gas in an 

electric furnace. The as-cast ingot was homogenized at 495 °C for 12 h and quenched into 

warm water. The homogenized ingots were machined to cylindrical billets with a diameter of 

40 mm. Before extrusion, the cylindrical billets were held for 30 mins at 420 °C and then were 

subject to indirect extrusion at the same temperature followed by cold water cooling. The 

extrusion ram decrease rate was at a speed of 1.8 mm/s and the reduction ratio was 16. Finally, 

an extruded rod with a diameter of 10 mm was obtained. 

2.2 Microstructure characterization 

To investigate the evolution of microstructure and texture during the extrusion process, a 

series of slices of material were cut along ED at increasing distance from the very front of the 

extruded rod, where the material was less severely deformed. These specimens were taken from 

the positions of 5, 15, 25, 35 and 45 mm from the front of the extrusion as shown in Fig. 1. 

With increasing distance from the top of the extruded rod, the deformation increased gradually. 
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The microstructures of the deformed specimens were observed in the longitudinal section 

parallel to the extrusion direction. Samples for optical microscopy (OM) and field emission 

scanning electron microscope (FE-SEM) observations were prepared by standard grinding and 

polishing methods. The grain size of the alloy was measured using the linear line intercept 

method. Samples for electron backscattering diffraction (EBSD) observation were 

mechanically ground and polished along the longitudinal section of the deformed samples. 

Following this they were electro-polished using the commercial electrolyte AC2 cooled to -

15oC with a voltage of 30 V for 20 s. The homogenized sample was examined with step size 

of 1.0m and deformed specimens were measured with step size of 0.45 m for microstructure 

and texture analysis. SEM and EBSD were conducted using Apollo-300 equipped with energy 

dispersion spectroscopy (EDS). 

Fig.1 The schematic illustration of indirect extrusion and the samples taken from the top of extrusion rod. 

 

3. Results  

3.1 Microstructure and texture of the extruded Mg-Y-Sm-Zn-Zr alloy  

Fig. 2a shows microstructure of the extruded Mg-Y-Sm-Zn-Zr alloy. Many particles were 

indentified as Mg5(Y, Sm). Several large plate-shaped long-period stacking ordered (LPSO) 

phase and small laminar LPSO were observed along ED. In addition, many lamellar LPSO 

formed in the grain interior after extrusion [18]. Fig. 2b displays the inverse pole figure (IPF) 

map of extruded alloy at position 45 mm from front of extrusion. This sample exhibits a fully 

recrystallized microstructure with an average grain size of 8.0  0.7m. The corresponding 

(0001) pole figure shown in Fig. 2c shows a strong texture component with c axis parallel to 

ED (Imax=11.0). The inverse pole figure parallel to ED also shows that the c axis of most of 

grains was parallel to ED. This texture is completely different with that in conventional 

extruded Mg alloys, whose c axis is perpendicular to the ED [1]. In order to further confirm 

the accuracy of the texture of this alloy, the texture was measured by XRD method in the plane 
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perpendicular to ED of the extruded alloy as shown in Fig. 2d. The texture distribution in the 

central of (0001) plane indicates that the c-axis of most of the grains is parallel to ED. The 

corresponding IPF illustrates that the texture is parallel to <0001> axis, which is consistent 

with the IPF in Fig. 2c. Additionally, the maximum texture intensity of pole figure and IPF in 

Fig. 2d are close to those in Fig. 2c. Thus, an abnormal <0001>//ED texture component has 

formed in the extruded Mg-Y-Sm-Zn-Zr alloy. 

Fig. 2. (a) SEM microstructure (b) EBSD IPF map and corresponding pole figure and inverse pole figure 

measured by EBSD (c) and XRD (d) of extruded Mg-Y-Sm-Zn-Zr alloy. 

 

3.2 Microstructural evolution of the alloy during extrusion 

Fig. 3 shows the optical microstructures of the extrusion sample at different positions from 

the front of the extruded rod reflecting the microstructural evolution during extrusion. Fig. 3a 

shows that the microstructure of the position at 5 mm from the front of the extrusion rod. It can 

be found that most of the grains kept an equiaxed shape and a few fine dynamically 

recrystallized (DRX) grains were observed along the original grain boundaries (GBs), 

indicating the onset of DRX process. As the extrusion proceed, at 15 mm from the front of the 

extrusion, the elongated grains were observed during the high strain and more DRX grains 

formed, resulting in a typical bimodal microstructure which consists of fine DRX grains and 

coarse elongated grains. At 25 mm from the front of the extrusion, the volume fraction of DRX 

increased significantly and occupied more than 60% of the viewed area. With further 

deformation, at the position of 45 mm (Fig. 3e), almost complete dynamic recrystallization 

achieved. Henceforth, all of the remaining extrusions had a microstructure with the completely 

DRX grains. 
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Fig. 3. OM microstructures of the samples along extrusion direction in different positions from front of 

extrusion: (a) 5 mm, (b) 15 mm, (c) 25 mm , (d) 35 mm and (e) 45 mm.  

 

3.3 Texture evolution during extrusion 

In order to exclude the effect of microstructure of the homogenized as-cast alloy on the 

texture formation, EBSD results of the as-homogenized alloy were displayed in Fig. 4. A 

random color distribution is obtained as shown in Fig. 4a. Fig. 4b shows a random distribution 

of the grains orientation in the (0001) pole figure and the corresponding inverse pole figure. 

The average grain size is measured to be 49 μm and has a normal distribution. Therefore, the 

texture and initial grain sizes have no preferred orientation on the formation of the abnormal 

texture in this condition.  
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Fig. 4. (a) EBSD IPF map, (b) corresponding (0001) pole figure and IPF and (c) grain size distribution of 

solution-treated alloy. 

 

Fig. 5 shows the texture evolution of Mg-Y-Sm-Zn-Zr alloys during the extrusion. Pole 

figures in (0001) and (101̅0) planes and inverse pole figures parallel to ED of the samples in 

positions 5, 15, 25, 35 and 45 mm from the front of the extrusion are displayed separately. 

These positions have experienced progressively increased deformation during extrusion. As 

expected, with the strain increasing, the increased levels of recrystallization are observed (Fig. 

3). At the position of 5 mm from the front of the extrusion, (0001) plane tended to be parallel 

to the ED and the (101̅0) plane titled perpendicular to ED, while the corresponding inverse 

pole figure shows a weak RE texture component. As the strain increased (15 mm), the (0001) 

plane parallel to ED and (101̅0) plane perpendicular to ED became strengthened and a typical 

basal texture component was generated. The corresponding inverse pole figure showed that the 

RE texture components vanished, and a strong <101̅0> fiber component with a weak <21̅1̅0> 

fiber component was generated. In addition, an abnormal <0001> fiber component appeared. 

With the strain further increasing (25 mm), the intensity in (0001) plane parallel to ED 

increased slightly while the (0001) plane perpendicular to ED was significantly enhanced. The 

intensity of (101̅0) plane parallel to ED also increased slightly. The inverse pole figure at 

position 25 mm showed that all the fiber components strengthened compared with those in 

position 15 mm, especially the <0001> fiber component. At further increase in strain (35 mm), 

the intensity of (0001) plane parallel to ED decreased significantly and in contrast, the (0001) 

plane perpendicular to ED was enhanced greatly with the texture intensity of 10.1. The intensity 

of (101̅0) plane parallel to ED was enhanced at the expense of (101̅0) plane perpendicular to 
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ED. At the position of 45 mm from the front of the extrusion, the texture in (0001) plane parallel 

to ED nearly disappeared while intensity of the (0001) plane perpendicular to ED reached 11.0. 

The texture in (101̅0) plane perpendicular to ED also vanished with a strengthened (101̅0) 

plane parallel to ED. The corresponding inverse pole figure exhibited a strong <0001> fiber 

component accompanied with a weak <101̅0>-<21̅1̅0> double fiber texture. According to the 

texture evolution, it can be concluded that: at first stage, a strong <0001>⊥ED texture formed 

gradually accompanied by the appearance and disappearance of a RE texture. With increasing 

strain, the intensity of c axis perpendicular to ED decreased and a new texture with c axis 

parallel to ED formed. A further increase in strain, the texture of c axis perpendicular to ED 

vanished gradually and finally an abnormal texture with c axis parallel to ED was generated. 

Fig. 5. Texture development of the samples in different positions during extrusion: (a, c, e, g, i) (0001) and 

(101̅0) pole figures and (b, d, f, h, j, l) inverse pole figures parallel to ED. 
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The EBSD IPF maps for samples in different positions from the front of the extrusion 

were divided into two subgroups, that is, deformed grains and the DRX grains based on grain 

orientation spread (GOS). The detailed microstructures and texture information are shown in 

Fig. 6. Fig. 6(a-c) shows the EBSD results of the sample at 5 mm from the front of the extrusion. 

The EBSD map (Fig. 6a) shows that a small amount of DRX grains with an average size of 4 

μm formed and the fraction of DRX was approximately 5.7%, suggesting the onset of 

recrystallization. These recrystallized grains are confined to prior grain boundaries, particularly 

in triple points. Fig. 6b and 6c show the EBSD IPF maps and corresponding IPFs of the 

deformed grains and recrystallized grains, respectively. It is revealed that a weak RE texture 

component formed with maximum texture intensity of 2.0 for deformed grains. The 

recrystallized grains exhibited a combined texture with a RE texture and a weak <21̅1̅0>//ED 

fiber texture component. The RE texture was the same with that in deformed grains and the 

maximum texture intensity was only 1.6. Fig. 6(d-f) shows the EBSD results of the sample at 

15 mm from the front of the extrusion. A typical bimodal microstructure generated with coarse 

deformed grains elongated along the ED and fine DRX grains. With the strain increasing, the 

DRX fraction increased significantly and the size of DRX grains was approximately 5 μm, 

which was slightly larger than that in the position 5 mm. It is revealed that the rare texture, 

formed in sample 5 mm, disappeared while a strong <101̅0> fiber texture formed with a 

maximum texture intensity of 13.4 for the deformed grains. For recrystallized grains, a new 

<0001>//ED texture component appeared with maximum texture intensity of 3.0 and in this 

case, the c axis of the grains was parallel to ED. As the strain level further increased, a higher 

DRX fraction was obtained (71.5%) as shown in Fig. 6(g-i) in the sample at 25 mm from the 

front of the extrusion. It is clear that the deformed grains displayed a relatively stronger<101̅0> 

fiber texture (Fig. 6h) compared with that in the sample in 15 mm from the front of extrusion. 

The DRX grains exhibited an enhanced <0001>//ED fiber texture (Imax=5.1), indicating that 

with the strain increasing, the c axis orientation of the DRX grains of the alloy gradually 

changed from <101̅0> to the <0001> direction. In Fig. 6(j-l), at position 35 mm from the front 

of the extrusion, the recrystallized grains almost occupied the whole microstructure with the 

area fraction of 96.3%. In this case, the deformed grains showed a decreased <101̅0> fiber 

texture with maximum texture intensity 11.8, while recrystallized grains exhibited an increased 

<0001> fiber texture (Imax=7.4). Therefore, it is concluded that the intensity of <101̅0> fiber 

texture supported by the deformed grains increased first and then decreased, while the intensity 
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of <0001> fiber texture supported by recrystallized grains increased gradually with the strain 

increasing. 

Fig. 6. EBSD analysis of samples in different positions from the front of the extrusion. The IPF maps and 

IPF in deformed grains and DRX grains: (a-c) 5 mm, (d-f) 15 mm, (g-i) 25 mm and (j-l) 35 mm.  

 

3.4 DRX mechanisms and their influence on texture development during extrusion 

In order to understand the nucleation mechanisms of the Mg-Y-Sm-Zn-Zr alloy during 

extrusion, the microstructure characteristics of the deformed samples were characterized in 

detail by EBSD. Fig. 7 shows the EBSD results of the sample at the position of 5 mm from 

front of extrusion. The DRX mainly occurred at the boundaries of the equiaxed grain due to 

the low strain. Fig. 7b shows the grain boundary (GB) map where thick black lines, white thin 

lines and red lines correspond to high angle grain boundaries (HAGBs) with misorientations 

larger than 15o, low angle grain boundaries (LAGBs) with misorientations between 2o and 15o 

and twin boundaries (TBs), respectively. Note that the closed red lines were only detected in 

one grain interior, indicating the twinning was restrained during the extrusion. The line profile 

of the misorientation angle along the arrow AB (Fig. 7a) revealed a moderate change in this 

grain and not so many dislocations formed. Further analysis was conducted in the extracted 
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areas P1 from Fig. 7a. It is revealed that in the inverse pole figure map in Fig. 7d, several DRX 

grains formed with the size of approximately 4 μm and subgrains were also observed in the 

vicinity of grain boundaries. The line profile from point A to point B as indicated by the white 

arrow shows that the misorientation angle changed abruptly in the interface between the purple 

area and other areas (Fig. 7e). The misorientation angle reached approximately 86o, which is 

close to the orientation of tensile twinning. A more detailed grain boundary map is shown in 

Fig. 7f. In general, the deviation angle of the tensile twinning boundaries is within 5o with the 

ideal values. It is clear that closed red circle was observed (Fig. 7f) and thus they were deemed 

to be twinning boundary rather than grain boundaries. Combining Fig. 7d and Fig. 7f, it can be 

speculated that fine DRX grains (grain 1, 2 and 3) formed within twins. This was possibly 

attributed to short distance of dislocation movement and pile-up on the twinning boundaries 

[20]. The increased dislocation density led to the transformation from low-angle boundaries to 

high-angle boundaries upon further straining [21]. A continuous strain-induced process 

promoted the movement of twinning boundaries towards the surrounding material (grain 4) 

and finally resulted in the formation of a new grain. The kernel average misorientation (KAM) 

map (Fig. 7g) exhibited that the high density dislocations generated within the twinning and in 

the vicinity of the original GBs. 

Fig. 7h shows the inverse pole figure map of the area P2 in Fig. 7a. It is clear that many 

subgrains bounded by LAGBs were observed (marked by black arrows). When the strain 

increased, the dislocations were activated and piled-up in the vicinity of these LAGBs, 

followed by transformation into HAGBs and finally formed the new fine DRX grains. It was a 

typical continuous dynamic recrystallization (CDRX) mechanism [22, 23]. Some subgrains 

had transformed into HAGBs labeled grains 1-3 in Fig. 7h. These fine grains were isolated in 

adjacent coarse grains. With exception to these fine grains, the bulging of the original grain 

boundaries were frequently observed, as labeled grains 4 to 8 (Fig. 7h). In these areas, a 

bridging low-angle boundary was developed behind the bulged section. Furthermore, several 

fine DRX grains formed from the bulging section marked by the grains 9 and 10 (Fig. 7h). This 

provided adequate evidence for the presence of a discontinuously dynamic recrystallization 

(DDRX) mechanism [24, 25]. The crystallographic relationship of the subgrains is the same 

with their parent grains (Grains 5-8 in Fig. 7h). As the strain increased, the subgrains would 

rotate and deviate from their parent grains and finally formed new small grains with a different 

orientation from the neighboring parent grains (Grains 5, 6 and 8 in Fig. 7i), which gives a 

contribution to the random texture [25].  
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Another area P3 was extracted from Fig. 7a to further understand the nucleation 

mechanism in low strain during extrusion. The original grains exhibited obvious serrated 

boundaries as shown in Fig. 7i. Several bulging sections to adjacent grains were observed and 

marked by grains 1-3. Meanwhile, there were some fine grains forming at or near the grain 

boundaries with different orientations with their parent grains as marked by grains 4-8. The 

isolated grain 4 in deformed grains without any surrounding dislocations had the same 

orientation with the green grain and was close to the grain boundary, indicating that it formed 

through DDRX process [23]. Grains 5-8 formed at the triple junctions of the parent grains also 

showed obvious characteristics of DDRX [24]. Furthermore, a necklace structure (circled by 

dotted red rectangle) was produced via the DDRX process (Fig. 7j). The line profile of point-

to-origin along the black arrow AB revealed a large increase in misorientation (Fig. 7j). It is 

inferred that these low-angle boundaries may progressively increase in misorientation and 

develop dynamically recrystallized grains with further deformation. 

Fig. 7. The DRX behavior of the samples at 5 mm from the front of the extrusion. (a) EBSD IPF map and 

(b) corresponding boundary misorientation map. (c, e, g) Line profiles of misorientation angle along the 

arrows AB in (a, d, i). (d) DRX behavior and (f) corresponding boundary misorientation map of P1 area. (f) 

KAM map of P1 area showing the high strain in grain and twinning boundaries. (h, i) DRX behavior of P1 

and P2 areas in (a).  
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Fig. 8 shows the EBSD results and corresponding analysis of recrystallized mechanisms 

in a representative area of the samples at 15 mm and 25 mm from front of extrusion. From the 

EBSD IPF map shown in Fig. 8a (position of 15 mm), it can be seen that no twins were detected 

and thus it was inferred that dislocation slip was the dominant deformation mode. Notably, 

there seemed to be some strong effect of the second phase particles (black, unindexed regions) 

in promoting recrystallization in the sample 15 mm (Fig. 8a). As reported, the presence of 

particles coarser than 1 µm could effectively impede dislocation movement during deformation 

and the interactions between dislocations and particles could provide the driving force to 

accelerate recrystallization by particle simulated nucleation (PSN) [26, 27]. In Mg-Y-Sm-Zn-

Zr alloy, the lamellae and block LPSO phase played the important role in assisting the 

generation of the recrystallized grains. These DRX grains formed by the PSN mechanism 

exhibited randomly oriented nucleation and thus weakened the recrystallized texture (Fig. 8b) 

[28, 29]. In the extracted area shown in Fig. 8c, the plot of the cumulative misorientation along 

the black arrow AB revealed a continuous increase in misorientation (Fig. 8d). Additionally, 

large numbers of LAGBs and subgrain boundaries were observed in the area circled by dotted 

lines. From above results, it can be inferred that the nucleation of the new grains was associated 

with the transformation from LAGBs to HAGBs due to the pile-up of dislocations. In addition, 

several fine grains were observed in the triple junctions or the serrated GBs of the primary 

DRX grains marked by red arrows (Fig. 8c). These fine DRX grains formed by the DDRX 

process and played an important role in texture randomization in the late stages of extrusion 

[30]. Fig. 8f shows a typical area extracted from the position at 25 mm from the front of 

extrusion. It is revealed that large numbers of LAGBs (white line) formed at the deformed zone. 

The line profile of point-to-origin along the black arrow CD represented a continuous increase 

in misorientation up to 25o (Fig. 8g), suggesting a high activity of dislocations in this area. It 

could be envisaged that this area progressively increases in misorientation angle and forms the 

new DRX grains through CDRX mechanism. Meanwhile, new grains 1-2 surrounded by 

LAGBs had formed near the parent grain boundary and the isolated grain 3 generated in the 

parent grain, giving further evidence of CDRX mechanism. The corresponding KAM map in 

Fig. 8h proves that the area with high KAM value contained lots of sub-GBs and had higher 

degrees of misorientation, which induced progress rotations through relaxation into new 

boundaries. 

 



14 

 

Fig. 8. The DRX mechanisms of the samples at 15 mm (a-d) and 25 mm (f-i) from front of extrusion. (a) 

IPF map, (b) IPF map and IPF of the P1 area, (c) DRX behavior of P2 area, (d, g) line profiles of 

misorientation angle along the arrows in (c, f). (d) IPF map, (e) DRX behavior of P3, (f) KAM map showing 

the strain in figure (f). 

 

From the above discussion, it can be concluded that at the initial stage of extrusion, 

twinning nucleation, CDRX and DDRX process were all observed for the formation of new 

DRX grains. However, the number of twinning and the new grains formed by the CDRX 

mechanism are limited through the examination of microstructure. This indicated the formation 

of twinning and CDRX process were restrained, while the conventional nucleation mechanism 

(DDRX) made the dominant contribution to the formation of new grains. At the initial stage of 

new grain formation, the subgrains shared the same orientation with their parent grains and 

then formed new grains with a certain deviation compared with parent grains (Fig. 7i). As the 

strain increased, greater number of fine DRX grains were generated through the CDRX process 

and this phenomenon was enhanced at the 15 mm position and became obvious at the 25 mm 

position. New fine DRX grains were generated at the triple junctions and weakened the 

deformed texture by DDRX process. In addition, the PSN mechanism played an important role 

in accelerating the formation of new grains and enhancing the texture randomization during the 

whole extrusion process. 

The solution-treated ingot was hold at the extrusion temperature (420 oC) for 30 min 

before extrusion (pre-treatment), and thus the microstructure in this stage may have an 

important effect on subsequent nucleation and growth of new grains during extrusion. Fig. 9 

shows the microstructure of the pre-treated Mg-Y-Sm-Zn-Zr alloy. It can be seen that the grain 

boundaries were brighter than surrounding matrix, which suggested the segregation of 
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constituent elements. That is to say, after homogenization treatment (495℃/12h), most of the 

RE solutes distributed uniformly throughout the microstructure except for some LPSO on the 

grain boundaries [18] and the pre-treatment (420 ℃/0.5 h) promoted the diffusion of the RE 

elements towards grain boundaries. Meanwhile, the lamella LPSO, precipitated during solution 

treatment, was retained after pre-treatment, indicating that the LPSO was thermally stable at 

extrusion temperature. Fig. 9b shows the magnified image of the area circled by rectangular 

line in Fig. 9a. Bright grain boundaries were observed and most of grain boundaries exhibited 

continuous structure. There was only a small part of grain boundary showing a discontinuous 

line, where lamella LPSO appeared. Several irregular particles were also observed at grain 

boundaries or in grain interiors. For the purpose of detecting the detailed elements segregation, 

the elemental EDS mappings of Fig. 9b were examined and were shown in Fig. 9c. According 

to elemental distribution images, the Y and Sm atoms mainly concentrated on the grain 

boundaries, while part of the Y and Zn atoms were observed at the lamellar parts, which 

corresponded to the positions of LPSO. The irregular particles consisted of the Y, Sm and Zr 

atoms and were identified as the Zr-containing compound [31]. In addition, in the pre-treated 

sample, many fine phases appeared in the grain interior (Fig. 9b) and its magnified image was 

shown in Fig. 9d. These precipitates exhibited a plated shape with a length of 1-2 μm. The 

similar phase was also found in pre-treated Mg-Gd-Y-Zn alloy [32] and was identified to be 

Mg5RE. However, these plate-shaped Mg5RE phases were broken and spheroidized to globular 

particles during hot extrusion [18, 32]. The remaining RE solute clusters within the matrix may 

act as obstacles to the motion of dislocations from a predominantly basal <a> type to non-basal 

type. Meanwhile, the RE solute clustering on grain boundaries can suppress recrystallization 

kinetics via the solute drag effect [33]. Robson [34] found the RE elements in Ce subgroup 

should produce the highest GB concentrations when they were in the same content and the 

solubility limit was not exceeded. Therefore, more Sm solutes would segregate on grain 

boundary (Fig. 9c) and had a stronger drag effect than that of Gd and Y. This can change the 

DRX mode from boundaries bulging to their rearrangement into cell or subgrain structures 

characteristic of continuous DRX, which can potentially diversify crystal orientations by 

extending the time for grain nucleation and induce random crystal orientations.  
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Fig. 9. (a) SEM microstructure of pre-treated alloy before extrusion and (b) magnified image of the area 

surrounded by dotted line in (a). (c) EDS mapping of image (b). (d) The magnified microstructure of the 

area marked in image (b). 

 

As discussed above, the twinning was suppressed during extrusion of Mg-Y-Sm-Zn-Zr 

alloy. The reasons are likely to be as followed: Firstly, the RE atoms, distributed on the grain 

boundaries and grain interior, could suppress formation of twinning. Stanford et al. [35] 

investigated the deformation behavior of two single-phase binary alloys of Mg-5Y and Mg-

10Y and found that the {101̅2} tensile twinning was difficult to form when alloying with more 

Y content. They attributed to the fact that the larger atomic radius of Y compared to Mg may 

cause the increase of stress requiring to activate the {101̅2} twinning. The large atomic radius 

inhibited the atomic shuffling process accompanying twinning shear. Secondly, the fine 

precipitates (Mg5RE) and the thin-plated LPSO improved the stress resistance to deformation. 

This gave rise to dislocation pile-ups to relieve local stresses, resulting in suppressing the 

occurrence of twinning [36]. Therefore, in the initial stage of extrusion, dislocation slip was 

the main deformation modes to accommodate the external stress. 

 

3.5 Grain growth and texture preference during extrusion 
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In order to further investigate the formation mechanism of <0001>//ED texture component, 

the development of texture in DRX grains with different positions is illustrated by plotting the 

intensity of c axis of grains as a function of the angle from the ED (Fig. 10). At 5 mm from the 

front of the extrusion, a relatively uniform distribution of the texture intensity was observed 

and the texture intensity perpendicular to ED was slight higher than that parallel to ED. For the 

sample at 15 mm, the intensity of the texture with c axis parallel to ED increased gradually 

with a peak intensity of >5 multiples of a random distribution (MRD). The same texture was 

also found in the sample at position 25 mm with an increased peak intensity of MRD (>10), 

indicating the <0001>//ED texture component formed gradually. In contrast, the peak intensity 

of other orientations (>30o with ED) decreased gradually. This tendency was enhanced at 

position 35 mm and the peak intensity increased up to 18 MRD. A higher proportion of DRX 

grains oriented their c axis to the direction within 20o of the ED. Finally, a strong <0001>//ED 

texture component was obtained in the steady state of the extrusion as shown in the position of 

45 mm. Therefore, the grain orientations gradually changed from random distribution to the 

specific orientation within 20o of ED with increasing strain during extrusion.  

Fig. 10. The intensity (in multiples of a random distribution or MRD) of the c axis of the recrystallized grains 

plotted as a function of angle deviation with ED. 

 

As discussed in Fig. 6, the <0001>//ED texture component was determined by the DRX 

grains and had no correlation with the deformed grain. In order to verify the results and texture 

orientation changes, the inverse pole figure maps of DRX grains were extracted and the grains 

whose c-axis lie within 20° of the ED were highlighted for specimens at different positions of 

extrusion (Fig .11). From Fig. 11a, it can be seen that the number of grains with c axis within 

20° of ED was very small, which is consistent with the result in Fig. 10. As the strain increased 

(in the position of 15 mm from front of extrusion), not only the total quantity of the grains grew 



18 

 

(Fig. 11b), but also the number fraction of the highlighted grains increased and the 

corresponding proportion of highlighted grains was enhanced simultaneously. For the sample 

in the position 25 mm (Fig. 11c), an obvious increase in the number fraction of the grains was 

observed and a higher area fraction (20.5 %) of the highlighted grains was obtained. This 

suggested the large strain promoted the formation of the grains whose c axis was within 20° of 

ED. Notably, small clusters of several grains with their c axis close to the ED orientation could 

be observed and they kept away from the deformed grain area as indicated by red dotted circles. 

It is inferred that the segregation of these grains may be connected with the strain increase. 

When the strain further increased, the highlighted grains make a large contribution to the 

overall microstructure in the sample at position 35 mm from the front of the extrusion. 

Meanwhile, the clusters were observed frequently at positions away from deformed grains 

marked by dotted circles (Fig. 11d). Finally, when the microstructure consisted entirely of DRX 

grains, the number of highlighted grains increased further and much bigger clusters were 

observed in Fig. 11e. Fig. 11f exhibits the relationship of the number fraction of highlighted 

grains in DRX area with angle deviation from ED. It can be observed that with the strain 

increasing, the number fraction of highlighted grains grew almost linearly. This fact indicated 

that there were some correlations between grain orientation and applied stress during extrusion, 

that is, the larger the strain applied in the material, the larger the number and proportion of 

these highlighted grains, whose c-axis are parallel to ED. 
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Fig .11. EBSD maps highlighting grains whose c-axes lie within 20o of the ED in recrystallized grains area 

at different positions from front of extrusion: (a) 5 mm, (b) 15 mm, (c) 25 mm, (d) 35 mm and (e) 45 mm. 

(f) The area fraction of the highlighted grains in recrystallized grain areas at different positions from front 

of extrusion.  

 

In an attempt to understand the grain growth behavior during DRX, the changes of the 

DRX grain sizes at different positions from the front of the extrusion were examined as shown 

in Fig. 12. Fig. 12a shows that the peak of the curves moved towards right, indicting the growth 

of average grain size with increasing strain. Meanwhile, corresponding grain size distribution 

became wider. The initial grain size did not change but the maximum grain size has grown 

significantly. This phenomenon illustrated that parts of new grains formed and some primary 

DRX grains grew in a certain degree when the strain increased. When all the deformed area 

became recrystallized grains, the grain size did not grow rapidly at extrusion temperature due 

to the impeding of grain boundary migration by the adjacent grains. The growth of grain size 

was attributed to the rise of local temperature during extrusion and static annealing of the 

material was inevitable at this high temperature. Fig. 12b displays the average grain size at 

different positions of the extrusion. The grains size grew from 4.3 μm at 5 mm to about 5.3 μm 

at 25 mm from the front of the extrusion. When the dynamic recrystallization occurred 

completely, the average grain size reached 8.0 μm at 45 mm from the front of extrusion. 
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Fig. 12. Size distributions (a) and the average size (b) of recrystallized grains of the samples in different 

positions from front of extrusion. 

 

4. Discussion 

4.1 Deformation mechanism during extrusion 

In polycrystalline metal, dislocation slips and twinning are the main deformation modes 

to accommodate the external stress and deformation modes are related with the critical resolved 

shear stress (CRSS) and Schmid Factor (SF). For Mg alloys, it is generally accepted that the 

CRSSs corresponding to the various slip and twinning systems are in the order CRSSbasal < 

CRSS{10-12}twinning< CRSSprismatic < CRSSpyramidal [37]. Thus, basal slip was easier to activate 

during extrusion and strong basal texture was formed in conventional Mg alloys [1, 38]. In 

order to elaborate on the deformation mechanism in the initial stage of extrusion, SF was 

introduced to reflect the possibility of various slip systems. SF maps and corresponding 

distribution histograms of the deformed grain (G1 in Fig. 6) are displayed in Fig. 13. The 

average SF for basal <a> slip was only 0.23, while SF for prismatic <a>, pyramidal <a> and 

pyramidal <c+a> slips were all larger than 0.45, especially for prismatic <a> and pyramidal 

<a> up to 0.46 and 0.49, respectively. This indicated that the higher mobility possibility of non-

basal slip than basal slip dislocation. Since each deformation mode has a different value of the 

CRSS [37], the active deformation mode cannot be determined from only the SFs. At the 

extrusion temperature, the CRSS of pyramidal <c+a> slip is still higher than that of basal slip 

[39] thus, pyramidal<c+a> slip was not predicted to make a great contribution to deformation 

at low strains, even in the absence of twinning. The CRSS for <c+a> slip was reduced to match 

that of prismatic slip at extrusion temperature and it was likely that pyramidal and prismatic 

slips were predicted to be activated in the early stages of deformation due to the formation of 

the RE texture component. Combining the values of SF and CRSS in different slips with initial 
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texture shown in Fig. 6b, it can be concluded that basal slip, prismatic slip and pyramidal slips 

were all activated simultaneously, but the basal <a> slip was considered as the primary 

deformation mechanism in the initial extrusion stage. 

Fig. 13. SF maps and corresponding distribution histograms for various slip systems of a deformed grain at 

position of 5 mm from front of extrusion. (Basal <a>: {0001}<11-20>, Prismatic <a>: {10-10}<11-20>, 

Pyramidal <a>: {11-22}<11-23>). 

 

In order to examine the activated slip systems in the sample with large strain, the SF 

maps for the whole examined area of the sample at 15 mm were investigated and were shown 

in Fig. 14. It is revealed that the average SF for basal <a> was 0.23 and for non-basal slips were 

0.36, 0.41 and 0.40 for prismatic <a>, pyramidal <a> and pyramidal <c+a>, respectively. This 

phenomenon verified that the non-basal slips were activated at high temperature due to the 

dramatically decrease of the difference of CRSS between basal and non-basal slips [37]. It is 

noted that the SFs of prismatic <a> and pyramidal <a> in the deformed grains were higher than 

that of pyramidal <c+a>, and thus the SF of pyramidal <c+a> slip for DRX grains was higher 

than those of prismatic <a> and pyramidal <a> types due to the average SF value of the whole 

grains for pyramidal <c+a> was higher than those of prismatic <a> and pyramidal <a>. 

Meanwhile, the basal <a> could also be activated in DRX grains due to its relative high SF and 

low CRSS [40]. Therefore, it is likely that basal <a>, prismatic <a> and pyramidal <a> slips 

had the priority in deformed grains, while basal <a> slip and pyramidal <c+a> slip were easy 

to be activated in DRX grains. This observation verifies that the addition of RE (Y and Sm) to 

Mg is beneficial to the activation of non-basal slip and matches the texture formed 15 mm from 

extrusion [41] (Fig. 6d-f). 
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Fig. 14. SF maps and corresponding distribution histograms for various slip systems of the sample at 15 mm 

from front of extrusion. (Basal <a>: {0001}<11-20>, Prismatic <a>: {10-10}<11-20>, Pyramidal <a>: {11-

22}<11-23>). 

 

Intragranular misorientation axis (IGMA) analysis based on EBSD was introduced to 

identify the various dislocation slips. By simply matching the Taylor axis of a known slip mode 

to the experimentally measured IGMA, the dominant geometrically necessary dislocation 

(GND) in the deformed grains could be determined. The IGMA lying along <101̅0> and 

<21̅1̅0> orientations could be induced by the activation of basal <a> slip and pyramidal <c+a> 

slip, while the IGMA close to <0001> orientation was indicative of the GND of prismatic <a> 

slip [42, 43]. The IGMA distributions of the deformed grains of specimens at positions 5, 15 

and 25 mm from front of extrusion are displayed in Fig. 15. The sample at 5 mm shows a 

relative high concentration of IGMA around <0001> orientation and this indicated that the 

prismatic <a> slip dominated the deformation at a relatively low strain condition. With 

increasing strain, a high concentration of IGMA at <0001> orientation was found at the position 

of 15 mm. Meanwhile, the IGMA distribution had a preferential deviating <0001> orientation, 

indicating basal <a> or pyramidal <c+a> slips were activated gradually. The IGMA distribution 

in the sample at position 25 mm shows a significant decrease in the <0001> orientation and 

this confirmed that other slips were activated. Therefore, for the deformed grains, prismatic <a> 

slip played the dominant role in the initial stage of extrusion. As the strain increased, the 

prismatic <a> slip was weakened and basal <a> or pyramidal <c+a> slips were enhanced.  
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Fig. 15. IGMA distribution in deformed grains of the samples at position (a) 5 mm (b) 15 mm and (c) 25 

mm.  

 

4.2 Grain rotation during extrusion 

From the above discussion, we can know that the initial DRX grains may rotate their 

orientation during growth as the strain increased. In general, the grain boundary region would 

accommodate the plastic incompatibilities between differently oriented neighbor grains by 

geometrically necessary dislocations [44, 45]. The non-basal slips have been observed mainly 

near the grain boundaries in polycrystalline Mg alloys, especially for the fine-grained materials, 

and this would accelerated the rotation of the DRX grains [46]. Mayama et al. [47] pointed out 

that the axis of lattice rotation by the activation of slip systems is given by the direction 

perpendicular to both the slip direction and the normal direction of the slip plane. Therefore, 

the axis of rotation due to the activation of slip systems are <101̅0>, <0001> and <101̅0> for 

basal, prismatic and pyramidal planes, respectively [48]. Due to the deficiency of twinning, the 

crystal lattice rotations caused by twinning is neglected. Fig. 16 shows schematic diagrams of 

the lattice rotation caused by the activation of the slip systems and thick red lines represent the 

activated slip plane. The stress state of the crystal is the same with that in the extrusion process 

as marked by black arrows. With the activation of the basal <a> slip system, the c axis of grains 

rotates towards the compressive direction. Owing to the compressive direction being 

perpendicular to the ED during extrusion, the c axis rotates towards the direction perpendicular 

to the ED when the basal slip is predominantly activated (Fig. 16a). Fig. 16b shows the 

schematic diagram of lattice rotation caused by activation of prismatic <a> slip. Prismatic 

planes rotate along <0001> axis in the <a> direction and it is obvious that rotation does not 
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change the direction normal to the (0001) plane, while it will change the direction normal to 

the (101̅0) plane. The activation of the pyramidal-II slip system shows the opposite lattice 

rotation (Fig. 16c) compared with that basal slip. The c axis of grain rotates towards the 

direction parallel to the ED when the pyramidal-II slip system is predominantly activated, 

which is consistent with the results in Mg-Y-Sm-Zn-Zr alloy. This indicated that the pyramidal-

II slip was easy to be activated for the recrystallized grains during extrusion. Generally, the 

crystal rotation depends on the CRSS of the slip systems [49]. In the initial stage of extrusion, 

the CRSS of basal slip was lower than that of pyramidal slip and thus the typical basal texture 

formed in deformed grains. As strain increased, the thin-plated LPSO and parallel γ' 

precipitated in the recrystallized grains [18], which would improve the CRSS of basal slip, 

leading to the higher CRSS of basal slip than that of pyramidal-II planes. As the strain further 

increased, the basal texture enhanced at deformed grains while the c axis of the recrystallized 

grains with random orientation would rotate toward the ED by the activation of pyramidal-II 

slip systems. Therefore, the volume fraction of recrystallized grain with their c-axis parallel to 

ED increased with further extrusion (positions at 35 mm and 45 mm).   

Fig. 16. The schematic diagrams of lattice rotation caused by activation of basal, prismatic and pyramidal-

II slip systems. 

 

For the sake of examining the preferred orientation selection of initial DRX grains and 

grain growth during extrusion, the recrystallized grains were extracted from the specimens in 

positions of 25 mm and 35 mm from front of the extrusion. As observed in Fig. 6c, the initial 

size of the recrystallized grains was usually smaller than 5 μm and thus the recrystallized zone 

was divided into two parts, that is, the area with grain size < 5 μm (initial grain size) and another 

area with grain size ≥ 5 μm (grain growth). The grains with size < 5 μm (Fig. 17a and c) show 

a weak <0001>//ED texture. It was more likely supported by parts of recrystallized grains 

which have grown, rather than the initial crystallized grains. The texture for sample at position 
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25 mm (Fig. 17a and b) revealed that grain growth preference imposed an influence on texture 

modification. Compared with the texture for grain size < 5 μm, a reduced <101̅0> texture 

component and enhanced <0001> texture component were displayed in the area with grains 

size ≥ 5 μm, indicating the recrystallized grains had a growth preference in <0001>//ED 

orientation under external stress. Meanwhile, the same phenomenon was also observed in the 

sample position of 35 mm and a more obvious growth preference of recrystallized grains in 

<0001>//ED orientation was shown with a maximum intensity increase from 4.8 to 8.5. 

Therefore, it can be concluded that: 1) <0001>//ED texture component was not generated in 

low deformation strain and low recrystallized fraction; 2) <0001>//ED texture was enhanced 

considerably in high strain and high value fraction of recrystallized grains; 3) Texture 

modification by RE solute segregation can be effective when the driving force for grain growth 

was sufficient [25]. From the above discussion, it can be inferred that the sufficient solute 

segregation on the grain boundaries and high strain to promote the rotation of lattice are 

necessary to form the <0001>//ED texture component.  

Fig. 17. EBSD IPF maps and corresponding inverse pole figures of the sample at 25 mm (a, b) and 35 mm (c, d) 

from front of extrusion which are separately evaluated from of recrystallized grains smaller or larger than 5 µm. 

 

4.3 Grain growth and texture preference during static annealing 

 

To confirm the preferred orientation selection during grain growth without external stress, 

the sample in position of 15 mm was subjected to annealing treatment at 495℃ for different 

times (static recrystallization). Fig. 18a shows the EBSD IPF map and IPF of the sample at 
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position 15 mm annealed at 495 ℃ for 360 s. The fraction of recrystallized grains increased 

nearly equal to the deformed grains and the size of recrystallized grains grew significantly 

compared with that in Fig. 6d. The corresponding IPF showed that the textures with <0001> 

and <21̅1̅0> orientation were enhanced while <101̅0>//ED texture was weakened after 

annealing treatment. The maximum texture intensity of <101̅0>//ED decreased from 6.2 to 4.3, 

indicating that annealing treatment promoted the growth of the grains in a relatively random 

orientation. Upon further extension of the annealing time to 720 s, almost all the grains 

recrystallized to the equiaxed grains with average size of 10.1 µm. The IPF in Fig. 18b 

demonstrated that the texture type is similar with that in Fig. 18a except a weak <101̅2>//ED 

texture generated. However, the extended annealing treatment led to a constant decrease in the 

maximum intensity of <101̅0>//ED texture component. When increasing the annealing time to 

1200 s, the grain size became inhomogeneous and some extremely large grains formed, 

resulting in a broadened grain size distribution as shown in Fig. 18c. The corresponding IPF 

revealed that the <21̅1̅0> texture disappeared and two unusual RE texture components with 

low intensity were generated between <0001> and <21̅1̅0> orientation. This indicated that the 

deformed grains had a preferred nucleation and growth with RE texture orientation during 

annealing treatment. These unusual RE texture components moved towards the <0001> 

direction with increased annealing time. Meanwhile, another new RE texture appeared as 

shown in Fig. 18c. The most likely reason for that was the segregation of RE solute at the grain 

boundaries [44, 49].  

 

Fig. 18. EBSD IPF maps and corresponding IPFs of the sample at 15 mm from front of extrusion after 

annealing treatment at 495 ℃ with various time: (a) 360 s, (b) 720 s and (c) 1200 s. 

 

4.4 Texture simulation  

It is reported that texture evolution and deformation mechanism activities for various 

testing conditions (temperatures, strain rates, or loading conditions) [50-53] have been 

predicted by comparing the simulated and experimentally observed mechanical behavior 

through viscoplastic self-consistent (VPSC) simulation. Therefore, a VPSC model was 
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introduced to reveal the evolution of the abnormal texture qualitatively observed in Mg-Y-Sm-

Zn-Zr alloy during extrusion and more information about VPSC can be found in previous 

research [10, 54-56]. According to the extended Voce hardening law, the critical resolved shear 

stress of each deformation mode within a grain could be described [57, 58]: 

�̂�𝛼 = 𝜏0
𝛼 + (𝜏1

𝛼 + ℎ1
𝛼𝛤)(1 − exp(−ℎ0

𝛼𝛤/𝜏1
𝛼))        (1) 

where 𝛤 is the accumulated shear strain which is representative of the total dislocation 

density stored in the grain and 𝜏0
𝛼 , 𝜏0

𝛼 + 𝜏1
𝛼 , ℎ0

𝛼  and ℎ1
𝛼 are the initial critical shear stress 

(CRSS), the back-extrapolated CRSS, the initial hardening rate and the asymptotic hardening 

rate, respectively. 

The initial experimental texture of the solution-treated Mg-Y-Sm-Zn-Zr alloy for the 

VPSC model consists of 50000 discrete orientations obtained from EBSD. The texture of an 

extruded Mg alloy is formed through the processes of deformation, recrystallization and 

possibly grain growth. Strain hardening by external stress and softening by dynamic 

recrystallization is an approximately balanced process during hot extrusion and thus they were 

not considered. In the present simulation, twinning was also not considered since there are no 

observable twins in the alloy as shown in Fig. 6. The only parameters to be adjusted in the 

simulation were the CRSSs of all deformation modes at the extruded temperature. They were 

given as multiples of the CRSS for basal slip, and were the same for all equivalent systems in 

one mode. The fitting of these parameters was based on a comparison of the pole figures with 

its experimental counterparts. The CRSSs for basal <a> slip, prismatic <a> slip, and pyramidal 

<c+a> slip were adjusted until the simulated pole figures in (0001) and (101̅0) planes matched 

with the ones obtained by experiments. 

As reported [59], the differences of CRSSs between basal slip and non-basal slips reduced 

significantly and even the CRSS of basal <a> slip was equal to the CRSS of pyramidal <c+a> 

slip at high temperature. In order to improve the accuracy of the simulation, the CRSSs of 

different slips with relative value were set as follows: basal <a> slip (1~4), prismatic <a> slip 

(1~4) and pyramidal <c+a> slip (1~4). Thus, there were 64 combinations for these three slips. 

All the combinations were input in the VPSC model and it was found that only when CRSS 

Prismatic Max ≤CRSS Pyramidal Min ~ CRSS Pyramidal Max ≤ CRSS Basal Min, the simulated final texture 

types were similar or matched with that of the texture obtained by experiments. Therefore, 8 

combinations of these three slips were selected which met the above conditions and were listed 

in Table 1. The corresponding extruded texture predictions were shown in Fig. 19. These 

simulated textures showed a good agreement with the experimental texture in Fig. 2, in 
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particular, when the ratio of relative CRSS of basal <a> slip, prismatic <a> slip, and pyramidal 

<c+a> slip were 3:1:2, 4:1:2, 4:2:2 and 4:2:3, the simulated texture matched well with that by 

experiments. That is to say, the CRSS of basal slip was higher than that of prismatic slip and 

pyramidal slip in extruded Mg-Y-Sm-Zn-Zr alloy. This can be verified by the experimental 

results shown in Fig. 5. A strong <101̅0> fiber texture component formed in samples 15 mm 

and 25 mm and vanished gradually with the increasing strain. Meanwhile, a new <0001> 

texture component was generated and it was enhanced gradually. It can be inferred that the 

CRSS of basal slip was improved and exceeded the CRSS of pyramidal slip in the late stage of 

extrusion, which is consistent with the results from the simulation. 

 

Table 1  Relative CRSS for various slips in simulation of final extruded texture 

Relative  
CRSS 

Basal <a> Prismatic <a> Pyramidal <c+a> 

3 1 2 

3 1 3 

3 2 2 

3 2 3 

4 1 2 

4 1 3 

4 2 2 

4 2 3 
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Fig. 19. The simulated texture of the extruded alloy from the selected sets of relative CRSS. 

 

To further increase the accuracy of the texture simulation, a detailed simulation was 

performed with increasing strain and the simulated textures evolution during extrusion were 

shown in Fig. 20. The relative CRSS (CRSSBasal: CRSSPrismatic: CRSSPyramidal = 16:6:11) of 

different slips was selected among the values of the afore-mentioned four sets. Compared with 

typical experimental texture evolutions, the simulated (0001) textures highly matched the 

actual textures evolution during extrusion. The c axis of grains spread from perpendicular to 

ED to parallel to ED with increasing strain. The corresponding (101̅0) pole figures were also 

similar with those in Fig. 5 with a minor deviation from ED.   
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Fig. 20. The simulated texture during extrusion process with a relative CRSS ratio of 16:6:11 (CRSS Basal: 

CRSS Prismatic: CRSS Pyramidal). 

 

4. Conclusions 

In the present study, texture evolutions during extrusion and formation mechanisms of the 

<0001>//ED texture component of Mg-Y-Sm-Zn-Zr alloy were investigated. 

1. The EBSD results during extrusion demonstrated that the formation of <0001>//ED 

texture component was determined by the DRX grains. With increasing the strain during 

extrusion, the proportion of the DRX grains whose c axis was parallel to ED increased 

until dynamic recrystallization ceased. 

2. In the initial stage of extrusion, twinning was suppressed due to precipitates formation 

and RE segregation in the Mg matrix or on the grain boundaries and DDRX contributed 

to the formation of the subgrains or new grains. With increasing strain, CDRX process 

increased and the new nucleation were dominated by both CDRX and DDRX. The rotation 

of the c axis of the DRX grains to ED was supported by the sufficient stored energy and 

the segregation of RE elements on the GBs. 

3. According to the analysis of deformation modes by SFs and IGMA during extrusion, it 

was inferred that the non-basal slips, were activated in DRX grains, especially for the 

pyramidal <c+a> slip, while the basal slip was the dominated deformation mode in 

deformed grains.  

4. While the sample 15 mm from the front of the extrusion exhibited a strong basal texture 

and a weak <0001>//ED texture, a relatively random texture was attained after static 

recrystallization due to the solute drag effect caused by RE solute segregation at GBs. 
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5. The simulated texture based on VPSC model matched well with the experimental results, 

indicating the CRSS of basal <a> slip was improved and exceeded the CRSS of pyramidal 

<c+a> slip during extrusion. 
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