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Abstract 

Three dilute Mg-Zn-Ca-Mn alloys were successfully extruded at 24 m/min and the 

alloy with lowest Zn content (0.21 wt.%) can even be extruded at 60 m/min without 

any surface defects, which was ascribed to the thermally stable Mg2Ca phase and high 

solidus temperature (620 oC). The alloys extruded at die-exit speed  6 m/min

showed a fully dynamically recrystallized (DRXed) microstructure and weak rare 

earth (RE) texture at the position between [2    4] and [2    2] parallel to the extrusion 

direction. Besides, fine Mg2Ca and -Mn particles dynamically precipitated during 

extrusion, acting as effective pinning obstacles against the DRXed grain growth via 

Zener drag effect. Due to the deformation temperature rise with increasing extrusion 

speeds, the grain size increased gradually, which can be understood from the 

relationship between DRXed grain size and Zener-Hollomon parameter. The RE 

texture contributed to high uniform elongation of 23%, but the increased grain size 

( 30 m) deteriorated post-uniform elongation due to the prevalence of {10  1}

contraction and {10  1}-{10  2} double twins during post-uniform deformation.
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The slow extrusion speeds lead to high processing cost for magnesium (Mg) 

extrusion, which becomes one of the most serious obstacles for the wide applications 

of wrought Mg alloys. It is reported that the extrusion speed of typical commercial 

AZ31 alloy is nearly two to five times slower than that of AA6063 aluminum (Al) 

alloy, and those containing higher alloy content such as AZ61 and ZK60 exhibit much 

poorer extrudability than AZ31 alloy [1-4]. The extrusion speed limit is generally 

associated with the solidus temperature of an alloy [5]. When local temperatures in 

the die land area exceed the solidus temperature during extrusion, incipient melting of 

the extrudate surface and subsequent cracking can occur [5]. Thus, improved 

extrudability of Mg alloys can be expected by reducing the level of alloy additions, 

particularly of those that reduce the solidus temperature. It has been reported that the 

maximum extrusion speeds can be raised up to die-exit speed of 72 m/min in 

Mg-xAl-0.0Mn, Mg-xAl-1.0Zn and Mg-xZn-1.0Mn (wt.%) alloys by lowering the Al 

or Zn content to 1.0 wt.% [6]. 

On the other hand, the extruded commercial Mg alloys tend to exhibit 

unsatisfactory formability and ductility at room temperature due to the formation of 

strong basal textures during hot extrusion [7-10]. Thus, weakening the basal texture 

intensity or changing the textures into some special ones can be an effective approach 

to improve the limited formability and ductility. In extrusion, the trace addition of rare 

earth (RE) elements in Mg alloys leads to the formation of a <11  1> component 

parallel to the extrusion direction (ED), which is commonly referred to as RE texture 

[11-15]. The RE texture makes the majority of grains well aligned for basal slip and 

{10  2} extension twinning during tensile deformation along the ED, resulting in an 

improved room temperature ductility [11,12,16,17]. Recently, it has been pointed out 

that Ca seems to be one feasible candidate to replace expensive RE elements, 

considering its large atomic radius equivalent to RE elements and relatively high 

solubility in Mg [18]. As expected, typical RE texture was obtained in binary Mg-Ca 

alloys after hot extrusion [19,20]. A similar texture modification effect of Ca addition 

has also been observed in AZ31 [21], Mg-Mn-Ca [19] and Mg-Zn-Ca [22-24] alloys. 

Zhang et al. [22,23] have previously reported that Ca addition (0.2, 0.5 wt.%) to 
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Mg-1.0Zn (wt.%) alloy could effectively weaken and randomize the extrusion texture, 

thus contributing to high room temperature ductility of 35-45%.  

In our previous study [25], we newly developed dilute Mg-0.21Zn-0.30Ca-0.14Mn 

(wt.%) alloy as low-cost wrought Mg alloy and achieved good balance of strength and 

ductility via slow-speed extrusion at different temperatures due to refined grains and 

weakened extrusion texture with RE texture component. Based on the previous 

studies on the extrudabiliy and effect of Ca on the extrusion texture, excellent 

extrudability and improved ductility could be expected in the dilute Mg-Zn-Ca-Mn 

alloys with an optimized Ca content of 0.30 wt.%. In this study, therefore, three 

dilute Mg-Zn-Ca-Mn alloys with different Zn content were prepared, and hot 

extrusion at die-exit speeds ranging from 6 m/min to 60 m/min was applied to the 

alloys to investigate the effect of extrusion speeds on the microstructure, texture and 

mechanical properties. 

2. Experimental procedures 

Three dilute Mg-Zn-Ca-Mn alloys with different Zn content denoted as Z02, Z05 

and Z07 were examined in the present study. The chemical compositions were 

analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

and the results are listed in Table. 1. The alloys were prepared by resistance melting 

high purity Mg, Zn, Mn and Mg-30 wt.% Ca master alloy in a steel crucible under the 

protection of a gas mixture of SF6 (1 Vol.%) and CO2 (99 Vol.%) and casting into a 

preheated steel mold with a dimension of 75 mm  180 mm  200 mm. Billets of 43 

mm in diameter and 35 mm in height were machined from the ingots and 

homogenized at 400 oC for 12 h followed by 450 oC for 12 h in an argon atmosphere, 

and finally quenched into water. Then these billets were extruded to bars (diameter of 

9.6 mm) using indirect extrusion method at 300 oC at die-exit speeds ranging from 6 

m/min to 60 m/min under an extrusion ratio of 20. 

The microstructures were observed using optical microscope (OM, Olympus 

BX51M), electron back-scatter diffraction (EBSD) and transmission electron 

microscope (TEM, JEOL JEM-2100F) equipped with energy-dispersive X-ray 



4 

spectroscopy (EDX) operating at 200 kV. EBSD observation was conducted on a 

JEOL JSM-7000F FE-SEM equipped with an EDAX-TSL EBSD system operating at 

15 kV. Grain sizes and textures of the extruded samples were characterized by EBSD 

method and the data were analyzed with OIM Analysis software. To ensure statistical 

rigor, more than 2000 grains were examined for each condition. Thin foil specimens 

for the TEM observations were prepared by punching 3 mm in diameter discs, 

mechanical polishing and ion milling using a Gatan Precision Ion Polishing System 

(GATAN691). The thermal properties of the as-homogenized alloys were studied 

using differential scanning calorimetry (DSC, EXSTR6000) with temperatures 

ranging from 30 oC to 650 oC at a heating rate of 10 oC/min under argon atmosphere. 

The mechanical properties were evaluated by room temperature tensile test at an 

initial strain rate of 1.0  10-3 s-1 along the ED using round bar specimens with the 

diameter and gauge length of 4 and 20 mm. 

3. Results and discussion 

Fig. 1 shows the extruded bar surfaces of the dilute alloys extruded at different 

die-exit speeds. After extrusion at 24 m/min, all the extrudates exhibited visually 

smooth and shiny surfaces. When the extrusion speed increased up to 60 m/min, good 

surface quality was obtained in Z02 alloy, while Z05 and Z07 alloys showed obvious 

surface defects. Compared to Z07 alloy with extensive surface cracks, Z05 alloy 

showed shallow surface cracks in local area with maximum crack depth of 300 m.  

It should be noted that incipient melting and thus cracking can occur during 

extrusion at temperatures well below the equilibrium solidus temperature of an alloy 

due to the presence of thermally unstable second phases [5]. For instance, the limited 

extrudability of commercial AZ31 alloy has been mainly attributed to the presence of 

Mg17Al12 eutectic phase with a low melting point of 438 oC [26] and Mg-Al-Zn 

ternary phase with an eutectic temperature of 338 oC [27]. Fig. 2 shows the 

distribution of second phase particles of the dilute alloys before extrusion. After 

homogenization, it can be observed that the second phase particles were drastically 

dissolved into Mg matrix, while sparse distribution of particles at grain boundaries 
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(GBs) and within the grain interiors was still evident. According to our previous study 

[25], these particles were expected to be Mg2Ca phase, which has a high melting 

temperature of 715 oC [28]. DSC curves of the as-homogenized dilute alloys (Fig. 3) 

demonstrate that only one evident endothermic peak at 620 oC can be determined 

during the heating process, which is related to the melting of -Mg matrix. This 

suggests that the dilute alloys have much higher solidus temperature than AZ31 alloy 

(570 oC [3]). Thus, the excellent extrudability of three dilute Mg-Zn-Ca-Mn alloys can 

be mainly ascribed to the thermally stable Mg2Ca phase and high solidus temperatures 

of 620 oC. In addition, Stanford et al. [29] reported that the localized Zn-enriched 

regions were likely to have a much lower local solidus temperature. As the intense 

deformation and frictional heating in the die and bearing surfaces causes substantial 

increases in temperature during high-speed extrusion, the actual extrusion temperature 

becomes much easier to reach the local solidus temperature of the Zn-enriched 

regions, thus giving rise to hot cracking during extrusion. This may be the reason for 

the decreased extrudability with increasing Zn content in the dilute Mg-Zn-Ca-Mn 

alloys. 

Fig. 4 shows the inverse pole figure maps of the extruded dilute alloys. Three dilute 

alloys exhibited a fully dynamically recrystallized (DRXed) microstructure without 

any elongated unDRXed grains after extrusion at die-exit speed  6 m/min, and the 

DRXed grain size increased gradually with increasing extrusion speeds. Since the 

distribution and number fraction of second phase particles were almost the same in 

each alloy after extrusion at die-exit speed  6 m/min, the optical microstructures of 

the dilute alloys extruded at 24 m/min were only presented in Fig. 5. It can be seen 

that the second phase particles with size of 1-3 m distributed in the form of a strip 

along the ED. These particles were determined to be the Mg2Ca phase remained after 

homogenization. Besides, the enlarged etched optical microstructures in red 

rectangular regions show that fine second phase particles dynamically precipitated at 

DRXed GBs and within the grain interiors. These dynamic precipitates were further 

characterized using TEM and the results are presented in Fig. 6. Inspection of the 

TEM bright field (BF) and high-angle annular dark-field (HAADF) images clearly 
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revealed that these precipitates had different sizes and shapes. In the corresponding 

EDX elemental mappings, the fine spherical particles of 5-20 nm were found to be 

rich in Mn and the relatively large spherical or plate-shaped particles of 20-400 nm 

were found to be enriched mainly with Ca. Based on the EDX analysis results, 

therefore, the dynamic precipitates were expected to be the -Mn and Mg2Ca phases. 

As for Z07 alloy, few -Mn phase particles were observed due to the dilute Mn 

content (0.07 wt.%).  

In Mg alloys, the effect of large particles ( 1 m) in promoting recrystallization 

via the mechanism of particle-stimulated nucleation (PSN) has been widely observed 

[30,31]. Although the dilute alloys contained large Mg2Ca particles of 1-3 m, as 

shown in Fig. 5, direct evidence of PSN was not detected during extrusion. On the 

other hand, it is known that finely distributed stable particles can prevent the grain 

growth by restricting grain boundary migration through the Zener drag (or Zener 

pinning) effect [32-34]. According to the classical Zener drag theory [35], the grain 

growth stagnates when the driving pressure for grain growth is balanced by the 

particle induced pinning pressure at certain average grain size. This grain size is 

named the Zener limited grain diameter (Dz), which can be classically expressed as 

[35]:                                                                     (1) 

where f and r are the volume fraction and average radius of pinning particles, 

respectively. Zener pinning is expected to occur if D  Dz, but not if D  Dz [33,34]. 

In this case, Z07 alloy was taken as a typical example to verify the pinning effect of 

different particles, including the fine dynamic precipitates and large Mg2Ca particles. 

The measured f and r of second phase particles, and calculated Dz for Z07 alloy after 

extrusion at 24 m/min are summarized in Table. 2. Here, the average f and r values 

were determined by an Image-Pro Plus 6.0 software using low magnified TEM 

images for fine dynamic precipitates and optical microstructures for large Mg2Ca 

particles taken at three different locations. Apparently, the DRXed grain size 

(28.0-48.3 m) of the extruded Z07 alloy was far larger than the calculated Dz (5.8 
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m) for fine dynamic precipitates, indicating that fine dynamically precipitated 

Mg2Ca and -Mn phases would become effective pinning obstacles for inhibiting the 

DRXed grain growth during extrusion via Zener drag effect. 

Many studies have revealed that the DRXed grain size of Mg alloys is strongly 

dependent on the Zener-Hollomon parameter (                ) [36-41], where    is 

the strain rate, Q is the activation energy for the lattice diffusion of Mg, R is the gas 

constant and T is the deformation temperature. The relationship between the DRXed 

grain size and the Zener-Hollomon parameter can be expressed in the form of [39-41]:                                                                     (2) 

where dDRX is the DRXed grain size, m is the grain size exponent and A is a constant. 

It is thus clear that the DRXed grain size increases with a decrease in Z value, i.e. the 

grain size increases as the strain rate decreases and the temperature increases. In this 

case, however, the DRXed grain size increased with increasing extrusion speeds (Fig. 

4), though the strain rate increased. This can be explained by an extensive rise in 

temperature due to the intense plastic deformation and friction during extrusion. The 

actual extrusion temperature could increase by more than 100 oC during extrusion at 

ram speed  5 mm/s [42]. Xu et al. [40,41] have previously reported that the influence 

of the deformation temperature on the DRXed grain size is much stronger than that of 

the strain rate. Therefore, it is inferred that the dilute alloys showed increased DRX 

grain size due to a rise in deformation temperature with increasing extrusion speeds 

despite the Zener drag effect induced by pinning particles. 

Fig. 7 shows the (0001) pole figures of the extruded dilute alloys. Three dilute 

alloys exhibited similar extrusion texture with maximum intensity of 2.8-3.9 and basal 

poles showing a large angle distribution of  60o away from the transverse direction 

(TD) to the ED. Here, TD indicates the direction perpendicular to the ED. The 

corresponding inverse pole figures referring to the ED (Fig. 8) reveal that the texture 

components located at the position between [2    4] and [2    2] with intensity of 

2.1-2.6. Compared to our previous study on the high-speed extrusion of 

Mg-1.58Zn-0.52Gd (wt.%) alloy [16], three dilute alloys extruded at die-exit speed  

6 m/min showed similar weak RE texture at the position between [2    4] and [2    2], 
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in which the maximum intensity deviated approximately 45o from [2    0] parallel to 

the ED. This is completely different from the typical <10  0> fiber texture with [10  0] 

orientation parallel to the ED, which is commonly observed in commercial Mg alloys 

after hot extrusion [10,43]. Upon the basis of the previous studies on the effect of Ca 

on the extrusion texture [18-24], as stated earlier, it is suggested that Ca addition 

might have a strong implication for the formation of RE texture in dilute 

Mg-Zn-Ca-Mn alloys. However to date, there are no direct and sound evidences that 

could explain the underlying mechanism. 

Fig. 9 shows the room temperature engineering stress-strain curves of the dilute 

alloys after extrusion at different die-exit speeds. After extrusion at 6 m/min, Z07 

alloy showed superior mechanical properties to Z02 and Z05 alloys with tensile yield 

strength (TYS), ultimate tensile strength (UTS) and elongation of 108 MPa, 220 MPa 

and 37.0%, respectively. For each alloy, it is evident that TYS and UTS decreased 

gradually with increasing extrusion speeds, whereas elongation decreased markedly 

when the extrusion speed increased up to 12 m/min and remained almost constant at 

die-exit speed  12 m/min. It is noteworthy that three dilute alloys showed gradually 

increased TYS, UTS and elongation with increasing Zn content after extrusion at the 

same speed. Besides, nearly the same uniform elongation of 23% was obtained. 

As evidenced from Fig. 9, three dilute alloys showed low yield strength less than 

110 MPa even after extrusion at 6 m/min. Generally, the yield strength (s   basal/m) 

depends on the critical resolved shear stress (CRSS) for basal slip (basal) and the 

Schmid factor for basal slip (m   cos  cos, where  and  are the angles of tensile 

stress axis with respect to the optimal slip direction and basal plane normal, 

respectively), as the basal slip is the dominant deformation mode in Mg alloys at room 

temperature. For three dilute alloys with RE texture, as shown in Fig. 8, the angle 

between tensile stress axis (ED) and basal plane normal (c-axis) varied from 22-52o. 

Assuming that the angles  and  are in the same plane,  and  should be 

complementary (     90o). Hence, the Schmid factor for basal slip can be 

calculated to be 0.35-0.50. Fig. 10 shows the Schmid factor distribution histograms 

for basal slip analyzed by EBSD. Three dilute alloys showed high average Schmid 
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factor for basal slip of 0.36-0.40, which falls within the calculated range. This 

indicates that basal slip dislocations were favorably operated in most grains when 

tension along the ED, thereby leading to the low yield strength for three dilute alloys. 

In addition to the texture effect, yield strength can be also affected by the grain size 

[44], second phase [45] and solute atoms [46], etc. For each alloy, as descried above, 

the distribution and number fraction of the second phase were almost the same 

irrespective of the extrusion speed (Fig. 5). According to the Hall-Petch relation, 

therefore, obvious yield strength drop was the result of the increased grain size with 

increasing extrusion speeds. On the other hand, three dilute alloys showed increased 

yield strength with increasing Zn content after extrusion at the same speed. 

Considering the similar texture and grain size, it is inferred that the second phase and 

solute atoms have larger effect on the enhanced yield strength. Furthermore, Z05 and 

Z07 alloys showed nearly the same density of dynamic precipitates (Fig. 5), whereas 

Z07 alloy showed higher yield strength than Z05 alloy. This suggests that the solute 

atoms play dominant roles in the yield strength based on the well-known solid 

solution strengthening [46]. Since the Ca and Mn atoms are largely consumed by the 

formation of Mg2Ca and -Mn phases, respectively, Zn solute atoms mainly 

contribute to the enhanced yield strength. Therefore, optimization of Zn content is of 

great significance for designing high-speed extrudable dilute Mg-Zn-Ca-Mn alloys, 

because increased Zn content is favorable for enhancing the strength, but deteriorates 

the extrudability at the same time. 

Fig. 11 shows the optical microstructures of fractured tensile specimens of the 

extruded dilute alloys. High density of twins can be observed in all specimens and 

many micro-cracks initiated along the twins as indicated by red arrows. Additionally, 

no crack initiation was observed at the large Mg2Ca particles (1-3 m), which 

distributed in the form of a strip along the ED as shown in Fig. 5. This suggests a 

strong relation between the twinning behavior and the fracture mechanism during 

tension along the ED. As for the extruded AZ31 alloy with typical basal texture, 

{10  1} contraction and {10  1}-{10  2} double twins tend to easily form when 

tension along the ED because the c-axis of most grains is perpendicular to the tensile 
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stress [7,11]. The formation of these twins generally leads to rapid flow localization 

and causes early shear failure due to combined effect of strain softening and localized 

twin-sized voids formation [47-50]. But for the dilute alloys with RE texture in this 

case, as discussed in our previous study [16], both basal slip and {10  2} extension 

twins became dominant deformation modes when tension along the ED and their 

interaction led to the enhanced strain hardening, effectively delaying the onset of 

plastic instability. Besides, the activation of {10  2} extension twins and their growth, 

as well as basal slip activity, could gradually alter the texture from non-basal to basal 

component during uniform tensile deformation [17,51]. For this reason, the majority 

of grains would become favorable orientations for {10   1} contraction and 

{10  1}-{10  2} double twins during post-uniform deformation. As the CRSS for 

twinning decreased with increasing grain size [50,52], these twins can be more easily 

activated in large grains, consequently leading to large incompatibilities at the 

parent-twin interfaces and thus deteriorating post-uniform elongation. Previous 

studies have revealed that uniform elongation is strongly correlated with the texture 

and increased grain size significantly decreases the post-uniform elongation [53-55]. 

Therefore, it is reasonable to believe that the extruded dilute alloys showed nearly the 

same uniform elongation due to their similar RE texture, but the increased grain size 

with increasing extrusion speeds deteriorated the post-uniform elongation due to the 

prevalence of {10  1} contraction and {10  1}-{10  2} double twins. As a result, the 

total elongation decreased markedly in each alloy when the grain size increased larger 

than 30 m. 

In this study, three dilute alloys were successfully extruded at 24 m/min and Z02 

alloy can even be extruded at 60 m/min without any surface defects, suggesting the 

better extrudability than commercial AZ31 alloy [16]. However, they showed 

decreased yield strength ( 100 MPa) and ductility ( 30%) with increasing extrusion 

speeds as a result of the increased DRXed grain size. If the DRXed grain growth can 

be further controlled during extrusion ( 30 m), the dilute alloys can be expected to 

be a promising candidate as industrially available wrought Mg alloy with superior 

extrudability and ductility. Therefore, future study on the dilute Mg-Zn-Ca-Mn alloys 
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needs to focus on how to impede the grain growth during high-speed extrusion and 

further improve the mechanical properties through various methods such as artificial 

cooling during extrusion [56] and precipitation of Guinier Preston (G.P.) zones by 

aging after extrusion [57]. 

4. Conclusions 

In summary, three dilute Mg-Zn-Ca-Mn alloys were successfully extruded at 24 

m/min and Z02 alloy can even be extruded at high die-exit speed of 60 m/min without 

any surface defects, which was ascribed to the thermally stable Mg2Ca phase and high 

solidus temperature (620 oC). After extrusion at die-exit speed  6 m/min, the dilute 

alloys showed a fully DRXed microstructure and weak RE texture at the position 

between [2    4] and [2    2] parallel to the ED. Besides, fine Mg2Ca and -Mn 

particles dynamically precipitated during extrusion, acting as effective pinning 

obstacles for inhibiting the DRXed grain growth via Zener drag effect. Despite these 

pinning particles, the grain size gradually increased with increasing extrusion speeds 

because of the deformation temperature rise generated by plastic deformation and 

friction during extrusion. This can be understood by the relationship between the 

DRXed grain size and the Zener-Hollomon parameter. Due to the similar RE texture, 

which was favorable for basal slip and {10  2} extension twins, three dilute alloys 

showed nearly the same high uniform elongation of 23%. The increased grain size ( 

30 m) was detrimental to the post-uniform elongation due to the prevalence of {10  1} 

contraction and {10  1}-{10  2} double twins during post-uniform deformation. 

Therefore if the grain growth can be further controlled during extrusion, dilute 

Mg-Zn-Ca-Mn alloys have great potential as high-speed extrudable wrought Mg alloy 

with improved ductility. 
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Table Captions 
Table.1 Analyzed chemical compositions of the investigated alloys (wt. %). 
 
Table.2 The measured volume fraction (f) and average radius (r) of second phase 

particles, and calculated Zener limited grain diameter (Dz) for Z07 alloy after 

extrusion at 24 m/min. 
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Figure Captions 

Fig. 1 Extruded bar surfaces of the dilute alloys extruded at different die-exit speeds. 

 

Fig. 2 Optical microstructures of the dilute alloys showing the distribution of second 

phase particles before extrusion. 

 

Fig. 3 DSC curves of the as-homogenized dilute alloys. 

 

Fig. 4 Inverse pole figure maps of the extruded dilute alloys. 

 

Fig. 5 Optical microstructures of the dilute alloys showing the distribution of second 

phase particles after extrusion at 24 m/min. Here, etched optical microstructures in red 

rectangular regions show fine dynamic precipitates distributing at DRXed GBs and 

within the grain interiors. 

 

Fig. 6 TEM observation results of dynamic precipitates in the dilute alloys extruded at 

24 m/min: HAADF images and the corresponding EDX elemental mappings of Z02 

and Z05 alloys and TEM BF images of Z07 alloy. 

 

Fig. 7 (0001) pole figures of the extruded dilute alloys.  

 

Fig. 8 Inverse pole figures referring to the ED of the extruded dilute alloys. 

 

Fig. 9 Room temperature engineering stress-strain curves of the extruded dilute alloys. 

 

Fig. 10 (0001)<11  0> basal slip Schmid factor distribution histograms of the extruded 

dilute alloys when the tensile stress is applied along the ED. 
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Fig. 11 Optical microstructures of fractured tensile specimens of the extruded dilute 

alloys. The red arrows indicate the microcracks initiated along the twins. 

 

 



Fig. 1 

 

Fig. 1 Extruded bar surfaces of the dilute alloys extruded at different die-exit speeds. 
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Fig. 2 

 

Fig. 2 Optical microstructures of the dilute alloys showing the distribution of second phase particles 

before extrusion. 

 

 

Fig. 3 

 

Fig. 3 DSC curves of the as-homogenized dilute alloys. 

  



Fig. 4 

 

Fig. 4 Inverse pole figure maps of the extruded dilute alloys. 
  



Fig. 5 

   

Fig. 5 Optical microstructures of the dilute alloys showing the distribution of second phase particles 

after extrusion at 24 m/min. Here, etched optical microstructures in red rectangular regions show 

fine dynamic precipitates distributing at DRXed GBs and within the grain interiors. 

  



Fig. 6  

 

Fig. 6 TEM observation results of dynamic precipitates in the dilute alloys extruded at 24 m/min: 

HAADF images and the corresponding EDX elemental mappings of Z02 and Z05 alloys and TEM 

BF images of Z07 alloy. 

  



Fig. 7 

 

Fig. 7 (0001) pole figures of the extruded dilute alloys.  

 

 

 

 

Fig. 8 

 

Fig. 8 Inverse pole figures referring to the ED of the extruded dilute alloys. 

  



Fig. 9  

 

Fig. 9 Room temperature engineering stress-strain curves of the extruded dilute alloys. 

 

 

 

 

 

 

 

Fig. 10 

 

Fig. 10 (0001)<11-20> basal slip Schmid factor distribution histograms of the extruded dilute alloys 

when the tensile stress is applied along the ED. 

  



Fig. 11 

 

Fig. 11 Optical microstructures of fractured tensile specimens of the extruded dilute alloys. The red 

arrows indicate the microcracks initiated along the twins. 



Table. 1 

Analyzed chemical compositions of the investigated alloys (wt.%). 

 

Alloy designation Zn Ca Mn Mg 

Z02 0.21 0.30 0.14 Bal. 

Z05 0.53 0.24 0.27 Bal. 

Z07 0.71 0.36 0.07 Bal. 

 

Table. 2 

The measured volume fraction (f) and average radius (r) of second phase particles, and calculated 

Zener limited grain diameter (Dz) for Z07 alloy after extrusion at 24 m/min. 
  

Second phase   (%)   (nm) Dz (m) 

Fine dynamic precipitate 1.1 48.1 5.8 

Large Mg2Ca particle 0.2 290.3 1935.3 
 

Table(s)


