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Abstract 

A recently developed Mg–5Bi–3Al (BA53, wt%) alloy exhibited remarkable 

extrudability despite its high alloying content. However, when subjected to high-

speed extrusion with a die exit speed of 67 m/min, grain coarsening of 

recrystallized grains occurs, increasing their size from 12.1 to 26.4 µm due to 

excessive heat generation during extrusion. Herein, a long-range water-cooling 

system is installed immediately after the extrusion die to mitigate grain coarsening 

and attain finer grains in the high-speed extruded alloy. The results demonstrate 

that the use of the cooling system leads to a significant reduction in the average 
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grain size (from 26.4 to 15.7 µm) of the BA53 alloy extruded at high speed. 

Furthermore, grain refinement led to notable increases in the ultimate tensile 

strength (from 255 to 276 MPa) and elongation (from 7.5% to 8.6%) of the alloy. 

These enhancements in strength and elongation are primarily attributed to the 

enhanced grain-boundary hardening effect and suppression of twinning during 

tension, both of which are consequences of grain refinement. This study 

underscores the effectiveness of a long-range water-cooling system, comprising 

water spraying over a length of 2 m, in achieving grain refinement during high-

speed extrusion of the BA53 alloy and improving both the strength and ductility 

of the alloy after high-speed extrusion. 

 

Keywords 

Magnesium alloy; Extrusion; Water cooling; Microstructure; Mechanical 

properties 
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1. Introduction 

 

Mg alloys, characterized by low density, high strength-to-weight ratio, and 

excellent damping capacity, have emerged as compelling candidates for a wide 

range of applications in various industries, such as aerospace, automotive, and 

electronics, where weight reduction and improved energy efficiency are of 

paramount importance [1–7]. Notably, wrought Mg alloys subjected to hot metal–

forming processes exhibit a finer grain structure and better mechanical properties 

than cast Mg alloys, thus entailing the applicability of the former across a broader 

range of industries. Extrusion and rolling are the most widely used metal-forming 

processes. Compared with rolling, which requires multiple operation passes and 

intermediate heat treatment, extrusion enables easier manufacturing of complex-

shaped products in a single pass [7,8]. In addition, dynamic recrystallization (DRX) 

and/or dynamic precipitation occur vigorously during the hot extrusion of Mg 

alloys because of the high strain that the material undergoes, improving the 

mechanical properties of the extruded material. 

High-Al-containing Mg alloys (e.g., AZ61, AZ80, and AZ91), which are 

representative commercial Mg alloy systems, exhibit high castability and strength. 

However, they have poor extrudability due to the low melting point (437 °C) of the 

Mg17Al12 phase formed in Mg–Al-based alloys [9]. Jin et al. [10] reported that the 

extrusion of an AZ80 alloy at 400 °C and an extrusion ratio of 50 results in severe 

hot cracking at an exit die speed of 4.5 m/min, indicating that the maximum 

extrusion speed of this alloy is below 4.5 m/min. To overcome the limited 

extrudability of commercial Mg alloys with high alloying contents, Mg–Bi–Al alloys 
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that can be extruded at high speeds have been recently developed [10–17]. In 

the Mg–Bi–Al alloys, Bi forms a Mg3Bi2 phase with a high melting point (823 °C), 

enabling high-speed extrusion, and Al is dissolved in the Mg matrix, promoting 

DRX during extrusion and increasing the strength of the extruded material. A 

recent study [12] demonstrated the outstanding extrudability of the Mg–5Bi–3Al 

(BA53, wt%) alloy, with a maximum extrusion speed of >70 m/min despite a high 

alloying content (8.0 wt%). Moreover, the BA53 alloy extruded at high speed 

exhibits relatively high strength due to the presence of fine Mg3Bi2 particles. 

One of the primary concerns in the high-speed extrusion of BA53 alloy is the 

coarsening of dynamically recrystallized (DRXed) grains, which is driven by 

excessive heat generation during high-speed extrusion. This grain coarsening 

reduces the mechanical properties of the material, potentially limiting its practical 

applications. Accordingly, there is a pressing need to explore effective techniques 

that could not only mitigate grain coarsening but also enhance the strength and 

ductility of the alloy. Herein, this critical issue is addressed using a long-range 

water-cooling system. The cooling system was installed immediately after the 

extrusion die exit to suppress grain coarsening in the high-speed extruded BA53 

alloy. This study refined the microstructure of the alloy, thereby improving its 

mechanical properties. A comprehensive analysis of the effects of this cooling 

system on the microstructure and tensile properties of the extruded material is 

expected to contribute to technological advancements in the fabrication of high-

performance Mg alloys at high processing speeds, which can expand their 

industrial applications. 
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2. Experimental procedure 

 

Two BA53 alloy billets were prepared through conventional mold casting; 

details of the casting process can be found in a previous study [10]. The cast 

billets were homogenized at 450 °C for 10 h, followed by water quenching. The 

homogenized billets were machined to a cylindrical shape with dimensions of 68 

mm (diameter) × 120 mm (length). High-speed extrusion was performed at 

400 °C, ram speed of 14.6 mm/s, and extrusion ratio of 76.5; the exit speed of 

the extruded material was 67 mm/min. One billet was extruded naturally air-

cooled without artificial cooling; therefore, this material is hereafter referred to as 

the naturally cooled (NC) material. The other billet was artificially cooled using a 

long-range water cooling system. As shown in Fig. 1, immediately after the 

material exits the extrusion die, it passes through a cooling section where water 

is sprayed over a length of 2 m. This material is hereafter the artificially cooled 

(AC) material. 
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Fig. 1. Schematic and photo of extrusion with long-range water-cooling system. 

 

The microstructures of the cross-section along the extrusion direction (ED) 

of the two high-speed extruded BA53 materials (i.e., NC and AC materials) were 

analyzed using optical microscopy, field-emission scanning electron microscopy 

(SEM), and electron backscatter diffraction (EBSD). Details of sample 

preparation for measuring the microstructure can be found in a previous study 

[13]. The grain size distributions, (0001) pole figures, ED inverse pole figures 

(IPFs), IPF maps, Schmid factor (SF) maps, and grain orientation spread (GOS) 

maps of the NC and AC materials were obtained from reliable EBSD data 

(confidence index values of >0.1). Cylindrical dogbone-shaped tensile specimens 

with gage dimensions of 5 mm (diameter) × 25 mm (length) were machined from 

the extruded materials according to the ASTM E8 standard. Uniaxial tensile 

testing was conducted at room temperature (25 °C) and a strain rate of 1.0 × 10−3 

s−1. The tensile testing was carried out three times for each material, and the 
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tensile properties were determined by averaging the test results. The 

microstructure and fracture surface of the specimens after tensile testing were 

observed using optical microscopy and SEM. 

 

3. Results 

 

Figs. 2a and b show the IPF maps of the high-speed extruded BA53 alloys 

produced with and without the long-range water-cooling system, respectively. The 

average grain size of the NC material, which was naturally air-cooled after exiting 

the extrusion die, is 26.4 µm, whereas that of the AC material, which was 

artificially water-cooled immediately after exiting the extrusion die, is 15.7 µm. 

This indicates that the long-range water-cooling system is effective in reducing 

the grain size of extruded Mg alloys even at an extremely high extrusion speed 

of 67 m/min. During the extrusion of the BA53 alloy at 400 °C and extrusion ratio 

of 76.5, its microstructure in the deformation zone near the extrusion die changes 

into DRXed grains because of sufficient thermal and deformation energies for 

complete DRX [13,14,18,19]. Once the material exits the extrusion die, it is no 

longer subjected to deformation, causing static grain growth during cooling to 

reduce the internal strain energy of the material [19–21]. To determine the degree 

of static grain growth that occurred during air and water cooling, the grain size at 

the die exit was measured by observing the microstructure of the extrusion butt 

remaining after extrusion (Fig. 2c). The grain size measured at the die exit is 12.1 

µm, meaning that the grain size increases by 118% (to 26.4 µm) during natural 

air-cooling and by only 30% (to 15.7 µm) during artificial water-cooling. 
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Fig. 2. Inverse pole figure maps of high-speed extruded BA53 alloys: (a) naturally 

cooled (NC) and (b) artificially cooled (AC) materials. (c) Average grain 

sizes of the materials at the die exit and after extrusion. 

 

Figs. 3a and b show the SEM microstructures of the NC and AC materials, 

which exhibit that secondary phase particles are observed in both materials. The 

equilibrium phase diagram of the Mg–5Bi–xAl alloy calculated using FactSage 

software (Fig. 3c) reveals that at a homogenization temperature of 450 °C, the 

BA53 alloy comprises two phases, α-Mg and Mg3Bi2. This means that Mg3Bi2 

particles in the cast billet of the BA53 alloy are not completely dissolved in the α-

Mg matrix during homogenization at 450 °C. The remaining Mg3Bi2 particles in 

the homogenized billet are redistributed along the metal flow direction during 

extrusion. Owing to the considerably high strain applied during extrusion (4.34), 

some undissolved Mg3Bi2 particles are arranged in the form of a very long band 

parallel to the ED (yellow arrows in Figs. 3a and b). Since the extrusion 

temperature (400 °C) is lower than the homogenization temperature (450 °C), a 

small amount of Mg3Bi2 particles can be formed during extrusion. However, 

Mg3Bi2 particles are not readily formed during extrusion because the deformation 
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duration under the high-speed extrusion condition adopted in this study is 

insufficient for the dynamic precipitation of the Mg3Bi2 phase. Therefore, the NC 

and AC materials contain only Mg3Bi2 particles without any other phases such as 

Mg17Al12, and the area fraction and distribution of the particles are almost the 

same in the two materials. 

 

 

Fig. 3. SEM micrographs of longitudinal cross-sections of (a) NC and (b) AC 

materials. (c) Equilibrium phase diagram of Mg–5Bi–xAl (x = 0–12 wt%) 

calculated using FactSage software. 

 

The engineering tensile stress–strain curves with the average tensile 

properties of the NC and AC materials are shown in Fig. 4. The tensile yield 

strength (TYS) and ultimate tensile strength (UTS) of the NC material are 198 

and 255 MPa, respectively, and those of the AC material are 208 and 276 MPa, 

respectively. Hence, the TYS and UTS of the AC material are higher than those 

of the NC material by 10 and 21 MPa, respectively. In addition, the total 

elongations of the NC and AC materials are 7.5% and 8.6%, respectively, 
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indicating that the tensile ductility of the AC material is approximately 15% higher 

than that of the NC material. These results demonstrate that the application of 

the long-range water cooling immediately after high-speed extrusion results in 

simultaneous improvements in the strength and ductility of the extruded BA53 

alloy. 

 

 

Fig. 4. Engineering tensile stress–strain curves with average tensile properties of 

NC and AC materials. 

 

4. Discussion 

 

The tensile strength of extruded Mg alloys is determined by a combination of 

solid-solution, secondary particle, texture, strain, and grain-boundary hardening 

effects [22–24]. As the NC and AC materials have the same alloying compositions 

and contain similar amounts of Mg3Bi2 particles, the solid-solution and particle 
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hardening effects for the two materials are nearly identical. The (0001) pole 

figures, ED IPFs, and SF maps and distributions for the basal slip of the NC and 

AC materials are shown in Fig. 5. Both materials exhibit a typical basal texture 

with most basal poles arranged nearly perpendicular to the ED, as shown in their 

(0001) pole figures. Moreover, the maximum IPF intensities of the NC and AC 

materials are similar (5.0 and 5.3, respectively), and their average SF values for 

basal slip under the applied tension are the same (0.12). These results indicate 

that the effect of the long-range water-cooling system on the texture of the high-

speed extruded BA53 alloy is insignificant; therefore, the NC and AC materials 

exhibit similar texture hardening effects during tension. 

 

 

Fig. 5. (0001) pole figures, extrusion direction (ED) inverse pole figures, and 

Schmid factor (SF) maps and distributions for basal slip of (a) NC and (b) 

AC materials. 

Jo
urn

al 
Pre-

pro
of



12 

 

 

The strain hardening effect of a material is proportional to the square root of 

its dislocation density [25], and the dislocation density is directly proportional to 

the average GOS value obtained by EBSD [26]. Accordingly, the average GOS 

value of a material is commonly used as an indicator of its strain hardening effect 

[26,27]. As the NC and AC materials exhibit a fully DRXed grain structure due to 

complete DRX during extrusion, they possess low dislocation densities, as 

evidenced by their low average GOS values (Fig. 6). The threshold GOS value 

used to distinguish between DRXed and unDRXed grains is known as 1°–2° in 

various metallic materials [28–32], including Mg alloys [33,34]. In the GOS maps 

of the NC and AC materials, most grains appear in blue with a GOS value of <1°, 

suggesting that they are recrystallized grains formed in the late stage of extrusion 

[35]. In contrast, DRXed grains formed during the early stage of extrusion 

undergo deformation during extrusion, resulting in an increase in their GOS value. 

Hadazadeh et al. [35] reported that grains with GOS values between 2° and 5° in 

hot-deformed Mg alloys are deformed DRXed grains that underwent 

recrystallization during the initial stage of hot deformation. Hence, in the GOS 

maps of the NC and AC materials, grains that appear in green or yellow with a 

GOS of 2°–5° are considered to be deformed DRXed grains. The average GOS 

values of the NC and AC materials are 0.66° and 0.69°, respectively, which 

suggests similar strain hardening effects in the two materials. As the NC and AC 

materials exhibit similar solid-solution, particle, texture, and strain hardening 

effects, the higher tensile strength of the AC material is predominantly attributed 

to its stronger grain-boundary hardening effect. According to the Hall–Petch 
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equation, the relation between grain size and strength is as follows: 

 

𝜎 = 𝜎𝑜 + 𝑘𝑑−1/2              (1) 

 

where σ0 is the frictional stress, d is the grain size, and k is the Hall–Petch 

coefficient. Because the NC and AC materials have the same frictional stress and 

Hall–Petch coefficient, the strength increase caused by grain refinement via long-

range water cooling can be derived from Eq. (1) as follows: 

 

𝛥𝜎 = 𝑘(𝑑𝐴𝐶
−1/2 − 𝑑𝑁𝐶

−1/2)               (2) 

 

where dAC and dNC are the average grain sizes of the AC and NC materials (15.7 

and 26.4 µm), respectively. Our previous study [11] found that the extruded BA52 

alloy has a Hall–Petch coefficient of 381.4 MPa∙µm−1/2. Assuming that the 

extruded BA53 alloy has the same Hall–Petch coefficient as the extruded BA52 

alloy, the strength increase caused by grain refinement in the AC material is 

calculated to be 22.0 MPa from Eq. (2). This value is roughly consistent with the 

difference in the UTS values of the NC and AC materials (21 MPa). Therefore, 

the use of the long-range water-cooling system considerably decreases the grain 

size of the high-speed extruded BA53 alloy, resulting in an improvement in its 

tensile strength due to the enhanced grain-boundary hardening effect. 
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Fig. 6. Grain orientation spread (GOS) maps and average GOS values of (a) NC 

and (b) AC materials. 

 

Although an increase in the strength of the material generally causes a 

decrease in elongation, the AC material exhibits a higher elongation than the NC 

material despite its higher strength. Fig. 7 shows the optical micrographs near the 

fracture line of the longitudinally cross-sectioned specimens after tensile testing. 

When extruded Mg alloys with a typical basal fiber texture are subjected to 

tension along the ED, {10-11} contraction twins and {10-11}-{10-12} double twins 

are formed, followed by the formation of cracks along the twins [36–38]. Although 

thin twins are observed in both the NC and AC materials, their number density is 

considerably higher in the AC material than in the NC material. As the stress for 

activating deformation twinning decreases with increasing grain size [39–41], 

contraction and double twins are more readily formed during tension in the NC 

material than in the AC material because of the larger grains of the former. 

Moreover, individual twins in the NC material are larger than those in the AC 
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material. The larger twins and subsequent cracking along the twins eventually 

lead to the formation of sharper fracture lines in the NC material (yellow arrows 

in Fig. 7a) compared with the AC material. Because of the smaller number density 

and larger size of the formed twins, the local stress concentration at the twins 

during tension is more pronounced in the NC material than in the AC material, 

resulting in the lower elongation of the former. 

 

 

Fig. 7. Optical micrographs of longitudinal cross-sections of (a) NC and (b) AC 

materials after tensile testing. 

 

The SEM fracture surfaces of the specimens after tensile testing and the 

grain size distributions before tension of the NC and AC materials are shown in 

Fig. 8. In both materials, several cleavage planes with river patterns are observed, 

which is consistent with previous results for extruded Mg alloys, in which tensile 

fracture occurs through cracking at twins [16,17,20,38]. The size of the cleavage 

planes formed in the NC material is approximately 35–65 µm. Although the 

average grain size of this material is 26.4 µm, large grains with a size of >30 µm 
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are present, with an area fraction of 33.1% (Fig. 8a). Because these large grains 

are favorable for twinning under tension, coarse cleavage planes with sizes 

similar to those of the grains are formed in the NC material. In contrast, the 

cleavage planes formed in the AC material have smaller sizes (17–30 µm) than 

those in the NC material because the area fraction of grains with a size of >30 

µm in the former is considerably small (2.4%; Fig. 8b). Consequently, the 

improved strength and elongation of the AC material are primarily attributed to its 

refined grains formed during water cooling. 

 

 

Fig. 8. SEM fractographs after tensile testing and grain size distributions before 

tension of (a) NC and (b) AC materials. 
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5. Conclusions 

 

The recently developed BA53 alloy exhibits excellent extrudability. However, 

high-speed extrusion of this alloy with a die exit speed of 67 m/min leads to 

coarsening of the DRXed grains from 12.1 to 26.4 µm due to excessive heat 

generation during extrusion. To suppress grain coarsening during high-speed 

extrusion and obtain finer grains in the extruded alloy, a long-range water-cooling 

system is installed immediately after the extrusion die. The average grain size of 

the high-speed extruded BA53 alloy decreases from 26.4 to 15.7 µm through the 

application of the cooling system. In addition, its UTS and elongation increase 

from 255 to 276 MPa and 7.5% to 8.6%, respectively. The improvements in 

strength and elongation of the high-speed extruded BA53 alloy are primarily 

attributed to the enhanced grain-boundary hardening effect and suppressed 

twinning caused by grain refinement, respectively. This study demonstrates that 

cooling through spraying with water over a length of 2 m is effective for grain 

refinement of the high-speed extruded BA53 alloy, resulting in simultaneous 

increases in the strength and ductility of the extruded material. 
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