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Abstract: The evolution of microstructure and mechanical properties of WE43 magnesium alloy 

during multi-pass hot rolling was investigated. Results revealed that multi-pass hot rolling promoted 

the formation of small second phases and this was conducive to the multiple dynamic recrystallization, 

consequently improving the microstructure homogeneity and refining the average grain size to 8.83 μm 

from 34.3 μm of the initial material. Meanwhile, the rolling deformation rotated abundant grain c-axes 

toward the normal direction and one strong fiber texture developed. Owing to the fine-grained 

strengthening, second phase strengthening, and texture modification, the yield strength along the 

rolling direction (RD) was improved to 324 MPa in the Pass 3 sheet from 164 MPa in the initial 

material. In addition, the deformation mechanism distribution maps indicated that the yield strength 

anisotropy between the RD and the transverse direction (TD) was attributed to the effects of the texture 

component on the dominant mechanisms. During the tensile test, the dominant deformation mechanism 

was the prismatic slip affected by RD strong basal texture, while was less proportion of prismatic slip 

under the influence of TD weak basal texture. Compared to the basal slip, the higher critical resolved 
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shear stress of prismatic slip made the increase in yield strength along the RD higher about 51 MPa 

than that along the TD (RD: 160 MPa, TD: 109 MPa).

Key words: WE43 magnesium alloy; multi-pass hot rolling; grain size; texture; deformation 

mechanism

1. Introduction

Magnesium alloys have been widely used in aerospace, automotive industry, electronic devices, 

and biomedical fields due to their low density, high specific strength, and excellent electromagnetic 

shielding performance[1–4]. However, their disadvantages of low absolute strength and poor 

formability seriously limit their widespread commercial usability[5–6]. In response to these limitations, 

rare earth alloying could significantly improve the strength and formability of magnesium alloys based 

on solution strengthening[7], precipitation strengthening[8] and so on.

Based on the principle of rare earth alloying, WE43 magnesium alloy has excellent 

biocompatibility and is widely used in the field of biomedical application[9]. With such magnesium 

alloy, Liu et al. successfully prepared the biodegradable scaffold microtubules with 3.00 mm outer 

diameter and 180 μm thickness which had been used in biomedical applications[10]. Nevertheless, the 

low strength and poor formability of the WE43 alloy are still the key factors limiting its widespread 

application[9].

To further improve the strength and formability of WE43 magnesium alloy, plastic processing 

technology is an effective way owing to its positive role of grain refinement and texture modification. 

For example, Martynenko et al. refined the grain size to 0.7-1 µm in WE43 alloys by means of the 

equal channel angular processing (ECAP) producing the noticeable fine-grained strengthening and 

subsequently contributing the excellent mechanical properties with the yield strength of 260 MPa and 
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ductility of 13.2%[11]. Similarly, Amani et al. used the cyclic expansion extrusion (CEE) to not only 

refine the grain size but also develop the bimodal texture component, improving the yield stress and the 

elongation to 330 MPa and 17%, respectively[12]. By comparison, Liu et al. employed the single-pass 

rolling to obtain the WE43 alloy sheets whose yield strength was solely 269 MPa and the fracture 

elongation was only 0.9%[13]. Obviously, the mechanical property of the rolled WE43 magnesium 

alloy is not up to that of the as-extruded. The reason might be attributed to the poor plastic processing 

ability of the WE43 magnesium alloy, which made it crack very easily and only subject to the small 

deformation rolling. This severely influenced the effect of plastic deformation on the grain refinement, 

texture modification and precipitation tailor, weakening their improvement role in the strength and 

formability. With this regard, our previous works demonstrated that the multi-pass hot rolling could 

fully refine the grain size and modify the texture components in ZK60 magnesium alloy sheet, which 

improved the yield strength to 247 MPa and the fracture elongation to 17.6%[14]. However, for the 

WE43 magnesium alloys, the microstructure evolution as well as its role in the mechanical properties 

was still unclear during the entire multi-pass hot rolling, and this was considered to be the fundamental 

issue if we want to further improve the mechanical properties of the WE43 magnesium alloy by rolling 

deformation.

Therefore, this work focuses on the microstructure evolution of WE43 magnesium alloys during 

the multi-pass hot rolling. Meanwhile, the effect of microstructure evolution on the mechanical 

properties was analyzed with the help of deformation mechanism distribution maps.

2. Experimental

The initial materials used in this experiment were as-extruded WE43 alloy sheets with dimensions 

of 87 mm in width and 15 mm in thickness. The nominal composition of the initial material was Mg-
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4.3wt%Y-2.4wt%Nd-0.5wt%Gd-0.5wt%Zr. Fig. 1a showed the schematic illustration of multi-pass hot 

rolling process. Before the rolling process, the sheets were preheated to 623K for 30 minutes and the 

rollers were heated to 493K. Then the sheets were rolled from 15 to 3 mm in the thickness by 3 passes. 

The sheets were annealed for five minutes between passes. The deformation of the rolling pass was 

40%, and the rolling speed was 5 m/min. The rolling process parameters were shown in Table 1. 

During the rolling process, a contact temperature measuring device was used for temperature 

measurement, and the rolled plate was water-cooled. There were no obvious cracks on the surface and 

edges of the final rolled sheets. The resulting sheets after multi-pass hot rolling were denoted as Pass 1, 

Pass 2 and Pass 3 sheet, respectively. 

As shown in Figs. 1b and 1c, the tension samples were extracted from the core region of the 

resulting plates along the rolling direction (RD) and the transverse direction (TD), and they exhibited a 

dog-bone shape whose gauges were 15 mm in length, 4 mm in width and 2 mm in thickness. Before 

measuring the mechanical properties, the surface and sides of the samples were polished to ensure that 

the samples were smooth, free from coarse scratches and obvious defects. Uniaxial tension tests along 

the RD and TD were carried out on MTS E45.105 electronic universal testing machine with an initial 

strain rate of 6.67×10−4s−1 under the room temperature.

Table 1. Multi-pass hot rolling parameters of WE43 magnesium alloy

Pass
No.

Preheating
temperature/K

Thickness
variation/mm

Thickness
reduction/%

Temperature 
after rolling/K

1 623 15→9.2 39 543

2 623 9.2→5.3 42 525

3 623 5.3→3.0 43 510
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Fig. 1. Multi-pass hot rolling (a); Sampling strategy for tension test (b); Size of tension samples (c).

The microstructure characteristics were performed by scanning electron microscope (SEM) and 

electron backscattered diffraction (EBSD). The SEM samples were prepared by polishing and 

mechanical polishing, and then corroded in the 8% HNO3 solution for 10 seconds. The corroded 

samples were cleaned by ultrasonic vibration in the ethanol solution. The EBSD samples were prepared 

by mechanical polishing, followed by electrolytic polishing. The electrolytic polishing solution was a 

mixture of H3PO4 and C2H5OH with the volume ratio of 3:5. First, the EBSD samples were subjected 

to the solution of 0.5A for 2 minutes, and then operated at 0.25A for 5 minutes. After electrolytic 

polishing, it was sequentially cleaned by ultrasonic vibration in CH3OH, the mixture solution of 

CH3OH and C3H6O, and C2H5OH. When conducting EBSD testing, the working voltage of 20kV and 

the working distance of 15 mm with the sample tilt angle of 70° were selected. To ensure the accuracy 

of the experimental results, three experiments were conducted under each condition.

3. Results and discussion

3.1. Microstructure characteristics

Acce
pte

d M
an

us
cri

pt 
Not 

Cop
yed

ite
d



6

Fig. 2. SEM images and the corresponding EDS of WE43 magnesium alloy during multi-pass hot 

rolling: (a) Initial; (b) Pass 1; (c) Pass 2; (d) Pass 3.

Fig. 3. High-magnification SEM images and the corresponding EDS of WE43 magnesium alloy during 

multi-pass hot rolling: (a) Initial; (b) Pass 1; (c) Pass 2; (d) Pass 3.
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Fig. 4. Second phase size distributions of WE43 magnesium alloy sheets during multi-pass hot rolling: 

(a) Initial; (b) Pass 1; (c) Pass 2; (d) Pass 3.

Figs. 2 and 3 showed the SEM observation results and the corresponding EDS of WE43 

magnesium alloy during multi-pass hot rolling. Fig. 4 showed the second phase size distributions. 

Clearly, there only existed a small number of second phase particles in the initial material and the 

volume fraction was about 3.56% (Fig. 2a). Among them, most of these second phases were distributed 

in a network pattern along the grain boundaries with the sizes of about 2~6 μm, and a small amount of 

blocky phases were scattered inside the grains with the sizes of about 1~3 μm. In addition, the EDS 

results showed that a small amount of the second phases existed in the initial material, which were 

enriched in Zr. The average size of the second phase was about 2.04 μm. Compared to the initial 

material, there were some bright second phases in the matrix and smaller second phase particles 

appeared inside the grain after the first pass. Meanwhile, the volume fraction of the second phase 
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increased to 8.91% and the average second phase size was reduced to 1.32 μm. Dobkowska et al. once 

presented the similar phenomenon where the bright second phases with irregular shapes were enriched 

in Nd, and the phases that have sharp edges were composed of Y and Nd[15]. As the rolling continued, 

the number of precipitated phase particles continued to increase and their distribution became more 

uniform. Most of them were distributed within the matrix, with a small portion still located at grain 

boundaries. Moreover, the size of the newly precipitated second phases was much smaller, about 0.5~2 

μm. Finally, the volume fraction increased to 19.00% and the average second phase size was reduced to 

0.96 μm after the third pass. Furthermore, these second phases were generally considered as the 

Mg24Y5 according to many literatures[16–18], corresponding to the above EDS results in our work.

Fig. 5. Grain orientation spread (GOS) maps of WE43 magnesium alloy sheets during multi-pass hot 

rolling: (a) Initial; (b) Pass 1; (c) Pass 2; (d) Pass 3.
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Fig. 6. Grain size distributions of WE43 magnesium alloy sheets during multi-pass hot rolling: (a) 

Initial; (b) Pass 1; (c) Pass 2; (d) Pass 3.

Fig. 5 showed the grain orientation spread (GOS) of WE43 magnesium alloy during multi-pass 

hot rolling. In this experiment, grains with GOS values smaller than 2° were defined as recrystallized 

grains (blue and green grains), while grains with GOS values greater than 2° were defined as grains that 

had not undergone complete recrystallization (yellow and red grains)[19–20]. Fig. 6 showed the 

corresponding grain size distribution. Obviously, the initial material consisted of coarse and fine grains, 

and the coarse grains were surrounded by the small equiaxed grains (Fig. 5a). Such microstructure 

characteristics were consistent with the wide range of grain size distribution from 1.5 μm to 60 μm 

(Fig. 6a). This also shows that the distribution of grain size was uneven, and the average grain size of 

the initial extruded alloy was 34.3 μm.

After the first pass, the sheet almost possessed one deformed microstructure whose recrystallized 
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grains percentage was only 16%. This was very likely to be the stored energy was not enough to 

activate the complete recrystallization due to the small amount of deformation and high temperature. 

As a result, its average grain size was marginally refined to 31.96 μm from 34.3 μm in the initial 

material. In addition, the second phase was an important factor by means of restricting grain boundary 

mobility and increasing the DRX nucleation rate[21–22]. However, the content of the second phase 

was relatively small after the first pass. Therefore, the effect of the second phase on the dynamic 

recrystallization and the subsequent grain refinement might be small during the first rolling pass.

Fig. 5c presented the microstructure morphology of the Pass 2 sheet in which percentage of the 

deformed grains (yellow and red grain) decreased to 63% while that of the DRXed grains increased to 

37%. As the rolling progressed to the second pass, the deformation stored energy continued to increase, 

and this was prone to produce more recrystallization nucleation sites in multiple regions of the 

microstructure. These nucleation sites developed more at the grain boundaries of coarser grains, and 

therefore the small equiaxed grains appeared around coarser grains. In addition, the second phase 

increased obviously during the second rolling pass (Fig. 5c), producing the stronger pinning effect to 

the grain boundaries and inhibiting the growth of the DRXed grains. As a result, under the combined 

effects of accumulated deformation and abundant second phases, the average grain size was 

significantly refined to 14.79 μm in the Pass 2 sheet.

As the rolling continued, the cumulative deformation increased. Dynamic recrystallization 

continued to occur, and the proportion of recrystallized grains further increased, reaching 43%. The 

percentage of fine grains had significantly increased after the third pass. In addition, the number of the 

second phase particles increased to the maximum after the third pass. Such small second phase 

particles led to the boundaries of the DRXed grain migrating hardly and promoted the development of 
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a finer microstructure[23]. Therefore, the uniformity of the microstructure had also been significantly 

improved compared to the first and second passes. The average grain size was eventually refined to 

8.83 μm.

3.2. Texture characteristics

Fig. 7. (0002), (10-10) and (11-20) pole figures of WE43 magnesium alloy sheets during multi-pass hot 

rolling: (a) Initial; (b) Pass 1; (c) Pass 2; (d) Pass 3.Acce
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Fig. 8. (0002) pole density distributions of WE43 magnesium alloy sheets during multi-pass hot 

rolling: (a) RD; (b) TD.

Fig. 7 showed the (0002), (10-10), and (11-20) pole figures of the WE43 magnesium alloy during 

multi-pass hot rolling, revealing the texture variations of WE43 magnesium alloy during the rolling 

process. As shown in the (0002) pole figure (Fig. 7a), the initial material possessed one extrusion fiber 

texture with the texture intensity of about 6.47, in which most of the grain c-axes were spread along the 

TD. Meanwhile, the spread angle of the basal poles along the RD in the (0002) pole figure 

concentrated at -50° to 45°, clearly showing the preferred orientation. In addition, the initial material 

presented a six–fold symmetry texture[24–25] in the (10-10) pole figure.

After the first pass, the c-axis of the grains rotated in the ND direction. As a result, the sheet 

exhibited a transitional texture pattern between the extruded fiber texture and the rolled basal texture 

with a maximum intensity of 6.14. It was noteworthy that such a texture state was an egg-shaped 

asymmetric distribution[26] of the basal poles from the ND instead of the symmetric distribution on the 

RD-TD plane, in which more c-axes were spread along the TD than along the RD. Additionally, one 

strengthened <10-10>//RD texture component began to develop in the (10-10) pole figure, meaning 

that many crystal orientation of <10-10> were parallel to the RD.

As the rolling continued, more grain c-axes rotated to the ND and a strengthening zone was 
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developed in the central region of the (0002) pole figure. Meanwhile, the maximum texture intensity 

increased to 9.95 from 6.14 (Pass 1) and the spread angle of the basal pole along the RD slightly 

narrowed to -40° to 30° from -50° to 45° (initial material). The reason for these phenomena could be 

attributed to the synergistic effect from the activation of the deformation mechanism and the 

stress/strain state in the rolling process. Basal slip is the main slip system in magnesium alloys owing 

to its lowest CRSS. Under the comprehensive action of rolling tension and normal pressure, the (0002) 

basal plane gradually turned to the RD-TD plane, so that the (0002) basal plane diffuse dispersion in 

the TD gradually decreased. Additionally, Wang and Huang reported that the (10-10) pole of the rolled 

HCP metals and alloys, possessing c/a ratio less than 1.633 such as Ti, tended to align with the rolling 

direction due to the activation of prismatic slip[27]. Therefore, more and more <10-10> //RD grains 

appeared during the multi-pass hot rolling.

In order to clearly describe the anisotropy of texture between RD and TD and further prove the 

grain rotation during multi-pass hot rolling, the corresponding (0002) random numbers along RD and 

TD were obtained from the (0002) pole diagram in Fig. 7, and the data was normalized and organized. 

The time random numbers were divided by∫
𝜋
2

0 𝐼𝑐𝑜𝑠𝜃𝑑𝜃(I is the intensity, θ is the angle away from RD 

or TD) to obtain normalized pole density distribution[26,28], as shown in Fig. 8. The angle in the 

figure referred to the angle between the c-axis of the grain and RD or TD, with 1.5 being the critical 

extreme density value for preferred orientation[28]. Obviously, there was a distinct difference in (0002) 

basal pole density distributions between the RD and the TD. The preferred orientation clearly 

strengthened in the angle range of 59–90° along the RD with the maximum pole density of 6.65 (Fig. 

8a) while a broad spread of basal pole with the maximum pole density of 4.27 along the TD (Fig. 8b). 

Importantly, along the RD, the distributions of (0002) basal pole tended to concentrate, and their 
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preferred orientation angle regions gradually shrank, namely 64-90° for the Pass 1 sheet, and 69-90° 

for the Pass 2 and Pass 3 sheets. The maximum pole density continued to increase, reaching 5.1 (Pass 

1), 6.4 (Pass 2), and 9.3 (Pass 3), respectively. These results indicated that the basal texture orientation 

gradually concentrated and deviated towards the ND direction. Similarly, along the TD, the regions of 

preferred orientation angle decreased, which was 52-90° for the Pass 1 sheet and 62-90° for the Pass 2 

and Pass 3 sheet, respectively. The maximum pole density increased from 3.2 (Pass 1) to 4.3 (Pass 2 

and Pass 3). However, the adjustment of the diffuse texture of the TD by multi-pass hot rolling was 

weaker than that of the RD.

3.3. Mechanical properties

Fig. 9. Stress–strain curves of WE43 magnesium alloy sheets during multi-pass hot rolling (a); Yield 

strength (YS) and ultimate tensile strength (UTS) variations for different states (b).

Table 2. Mechanical properties of WE43 magnesium alloy sheets during multi-pass hot rolling

YS/MPa UTS/MPa UE/% FE/%
Sample

RD TD RD TD RD TD RD TD

Initial 164±3 153±4 264±3 256±2 14.5±0.4 21.8±0.4 17.2±0.4 22.7±0.4

Pass 1 291±4 216±4 339±4 305±4 6.1±0.3 13.2±0.3 10.4±0.3 16.6±0.3

Pass 2 308±4 227±3 348±4 316±3 6.6±0.3 12.9±0.4 12.3±0.3 16.8±0.4
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Pass 3 324±3 262±3 357±2 331±3 6.6±0.3 11.4±0.2 8.9±0.3 13.2±0.2

The mechanical properties were clearly illustrated in the room-temperature stress–strain curves 

along the RD and TD, as shown in Fig. 9a. The corresponding data for the yield strength (YS, MPa), 

ultimate tensile strength (UTS, MPa), uniform elongation (UE, %) and fracture elongation (FE, %) 

were summarized in Table 2. Clearly, all the stress-strain curves exhibited a power-curve shape[26,29] 

in which the material displayed stress hardening behavior after the yield stress and changed into stress 

softening behavior after the ultimate tension stress. Knezevic et al. reported that this shape was induced 

by slip-dominated deformation at the initial stage of tension deformation[30]. As mentioned above, RD 

possessed a stronger basal texture than TD for the initial material, and so the basal slip or (10-12) 

tension twin activated easily during the tension test along TD, which would result in lower stress (YS: 

153 MPa and UTS: 256 MPa) but higher elongations (UE: 21.8% and FE: 22.7%) along the TD 

compared to mechanical properties (YS: 164 MPa, UTS: 264 MPa, UE: 14.5% and FE: 17.2%) along 

the RD[31]. Fig. 9b showed the YS and UTS variations during multi-pass hot rolling. According to Fig. 

9b and Table 2, as rolling proceeded, the YS and UTS along the RD significantly increased to 324 MPa 

and 357 MPa and those along the TD increased to 324 MPa and 357 MPa similarly. Instead, the UE 

and FE along the RD decreased to 6.6% and 8.9% and that along the TD decreased to 11.4% and 

13.2%, respectively. 

Generally speaking the mechanical properties were mainly dependent on their own microstructure 

states[32]. Prior results suggested that there existed three kinds of microstructure variation including 

second phase particle, grain size and texture state. Multi-pass hot rolling produced abundant relatively 

small second phase particles, and their total fraction increased significantly especially after the second 

pass. This meant that precipitation strengthening could be an important factor to improve the strength 
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of the WE43 magnesium alloy. Meanwhile, the grain size was significantly refined to 8.83 μm from 

34.3 μm during multi-pass hot rolling, so the YS was also significantly improved according to the 

Hall–Petch relationship. In addition, previous results showed that the maximum texture intensity 

gradually increased as the rolling progressed, which could contribute to increasing the strength of 

WE43 magnesium alloy based on texture strengthening. To sum up, grain refinement, texture 

modification and precipitation tailor could improve the YS and UTS.

However, this improvement was clearly not synchronous between the RD and the TD. Revealing 

this question needed to analyze the microstructure anisotropy between the RD and the TD. Obviously, 

previous results showed that there existed small differences in the grain size and second phase size 

between the RD and the TD, and therefore they might not be the major factors causing the above large 

mechanical properties anisotropies. Therefore, the main reason was considered to be the texture state.

Fig. 10. Orientation distributions of WE43 alloys using grain orientation maps: (a, b) Initial; (c, d) Pass 
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1; (e, f) Pass 2; (g, h) Pass 3 (In grain orientation map, the grains with the <0001> away from the 

tension direction in the angle ranges of 0°−23°, 23°−77° and 77°−90° were depicted by blue color, red 

color and green color, respectively).

Fig. 11. Prediction of the activation fractions of each deformation mode during tension tests along RD 

(a) and TD (b) based on orientation distributions in Fig. 10.

The changes in mechanical properties of alloys were closely related to deformation mechanisms, 

and the activation of deformation modes was closely related to CRSS and Schmid factors. For 

magnesium alloys, plastic deformation temperature was the main factor affecting the CRSS value of 

the alloy. As tensile tests were conducted at room temperature, temperature was an invariant during the 

tensile process, and the Schmid factor was related to the direction of tension during the tensile test. 

Therefore, when conducting mechanical property tests with unchanged tensile direction, crystal 

orientation was the only variable that affected the deformation mechanism of the alloy. In that way, in 

order to further analyze the above changes in yield strength of WE43 magnesium alloy during multi-

pass hot rolling, an orientation distribution map was used to represent the deformation mode in the 

alloy structure, as shown in Fig. 10. Meanwhile, Fig. 11 showed the statistical graph of activation 

scores for different deformation mechanisms of the WE43 magnesium alloy. As reported by Xin, when 

the CRSS ratio of basal slip, tensile twinning and prismatic slip was set to be 1:1:2, the dominant 
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deformation modes were tensile twinning with θ=0°-23°, basal slip with θ=23°-77° and prismatic slip 

with θ=77°-90° (θ was the angle between the stretching direction and the base normal during the 

stretching experiment)[33]. In this mechanical performance test, the RD and TD of the rolled sheets 

were selected. In Fig. 11, blue, red, and green respectively represented the main deformation 

mechanisms of this grain during the stretching process, which were tensile twinning, basal slip, and 

prismatic slip.

The 23°-77° grains number of the initial material was obviously higher than the 77°-90° grains 

along the ED and only a very small number of 0°-23° grains were present (Fig. 10a). Whereas along 

the TD, the initial material had a similar grain number between the 23°-77° and the 77°-90° and both 

were larger than the number of 0°-23° grains (Fig. 10b). Such distributions were consistent with the 

activation fractions of deformation mode (Fig. 11). That was to say, the dominant deformation mode 

was the basal slip along the ED (basal slip: 78.9%, prismatic slip: 20.1%) while were the prismatic and 

basal slip in the majority with a minor supplement of tension twinning along the TD (basal slip: 51%, 

prismatic slip: 34.2%, tension twinning: 14.8%).

As the rolling progressed, the 23°-77° grains decreased to 30.5% from 78.9%, but the 77°-90° 

grains increased to 69.3% from 20.1% obviously along the RD. However, along the TD, 0°-23° grains 

decreased to 5.1% from 14.8%, while the 23°-77° grains and 77°-90° grains increased to 54.6% from 

51% and to 40.3% from 34.2%. In general, as rolling proceeded, basal slip significantly decreased but 

prismatic slip noticeably increased along the RD. Along the TD, tensile twinning decreased, while 

basal slip and prismatic slip increased.

Different texture produced the activation of different deformation modes, which in turn had an 

effect on the mechanical properties. Given the similar burgers vectors between the prismatic and basal 
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slip[33], the deformation mode strengthening was primarily caused by the CRSS whose value was 

prominently lower for basal slip than prismatic slip. As the basal slip showed the lowest CRSS value, it 

was the easiest to be activated. However, the basal slip could not satisfy the deformation requirement, 

thereby the prismatic slip was activated. Due to the higher CRSS of prismatic slip, only when the 

external stress achieved high enough could it activate the prismatic slip and produce yield behavior, 

hence presenting higher yield stress, which was consistent with results in the literature[14,34–35]. 

Therefore, when the grain size was fixed, the activations of prismatic slip produced higher yield stress 

than the basal slip. For example, the yield stress significantly increased with the decreased activation of 

basal slip and the increase of activation of prismatic slip along the RD. However, along the TD, due to 

the slight increase in prismatic and basal slip and the reduction in tensile twinning, the increase in yield 

strength was weaker than RD.

3.4. Strengthening mechanism

In this work, many factors contributed to the yield stress of the WE43 magnesium alloys after 

multi-pass hot rolling, such as fine grain strengthening(σgb), solid solution strengthening(σss), 

dislocation strengthening(σd), precipitation strengthening(σp). The contribution of each strengthening 

mechanism to the YS was calculated below.

According to the Hall-Petch relationship, the increment of strength caused by grain refinement 

could be given by Eq. (1)[36–38]:

𝜎𝑔𝑏 = 𝜎0 + kd
―1

2                                                                                                                                     (1)

where σ0, k, and d were the lattice friction stress, Hall-Petch slope, and the average grain size, 

respectively. The σ0 and k were about 16 MPa and 135 MPa μm0.5[36,39]. Therefore, the fine grain 

strengthening values for the Initial, Pass 1, Pass 2, Pass 3 sheet were approximately 39.1, 39.9, 
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51.1, and 61.4 MPa, respectively.

The strength enhanced by the solid solution atom could be written as Eq. (2)[36]:

𝜎𝑠𝑠 = 𝜎1 +3.1𝜀𝐺𝐶
1
2/700                                                                                                                        (2)

where σ1 was the yield strength of pure Mg (21 MPa), ε was measured to be 0.74[36], G was the shear 

modulus (16.6 GPa), and C was the concentration of rare earth solutes. Based on the EDS result of the 

WE43 alloy (Fig. 2d), the content of rare earth element was approximately 1.55 at.%. Therefore, the 

strength increment was calculated as 28 MPa.

According to the Bailey-Hirsch equation, the increment of strength influenced by dislocation 

strengthening could be given by Eq. (3)[36,40]:

𝜎𝑑 = 𝛼𝑀𝐺b 𝜌𝐺𝑁𝐷                                                                                                                                  (3)

where α was a constant 0.2, M was the Taylor factor, G was the shear modulus (16.6 GPa), b was the 

Burger vector (0.32 nm), and ρGND was the dislocation density. The M and ρGND were calculated by the 

method in the recently published literature based on our previous work[41]. The calculation results 

were shown in Table 3. Therefore, the dislocation strengthening values for the Initial, Pass 1, Pass 2, 

Pass 3 sheet along the RD were calculated as 48.6, 113.0, 117.0, and 127.6 MPa and the corresponding 

dislocation strengthening values along the TD were approximately 44.7, 88.6, 92.8, and 100.8 MPa, 

respectively.

Table 3. Calculation results of dislocation density and taylor factor of WE43 magnesium alloys

M
Sample ρGND /m-2

RD TD

Initial 1.86×1014 3.35 3.08

Pass 1 7.32×1014 3.91 3.09

Pass 2 7.78×1014 3.95 3.15
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Pass 3 9.26×1014 3.96 3.13

The precipitation strengthening based on Orowan mechanism could be written as Eq. (4)[37–

38,40]:

𝜎𝑝 = 𝑀
𝐺𝑏

2𝜋 1 𝑣

1
𝜋

4𝑓 1
𝑑𝑝

𝑙𝑛𝑑𝑝

𝑏                                                                                                                                            

(4)

where M was the Taylor factor according to Table 3, G was the shear modulus (16.6 GPa), b was the 

Burger vector (0.32 nm), v was the Poisson ratio (0.35), dp was the average diameter of precipitates, 

and f was the volume fraction of precipitates, according to the f and dp in Fig 2 and Fig 4. Therefore, 

the precipitation strengthening values for the Initial, Pass 1, Pass 2, Pass 3 sheet along the RD were 

calculated as 33.1, 93.8, 110.7, and 121.0 MPa and the corresponding precipitation strengthening 

values along the TD were approximately 30.4, 71.6, 87.3, and 95.7 MPa, respectively.

Based on the above, the calculated yield strength values of WE43 alloys after multi-pass hot 

rolling along the RD and TD were showed in Fig.12. These predicted values were basically consistent 

with the experimental values with average deviation 5-9%, which correctly predict the increasing trend 

of YS. 

Fig. 12. Respective contribution of the strengthening to WE43 alloys after multi-pass hot rolling: (a) 

along the RD; (b) along the TD.
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In addition, Fig. 13 showed the comparison of YS and EL between the WE43 alloy after multi-

pass hot rolling in this study and other rolled or deformed WE43 alloys[13,42–48]. It could be seen that 

multi-pass hot rolling could effectively improve the YS of WE43 magnesium alloy. At the same time, 

WE43 magnesium alloy also had excellent plasticity after multi-pass hot rolling.

Fig. 13. Comparison of the YS and EL of WE43 alloy after multi-pass hot rolling and other rolled or 

deformed WE43 alloys in other literatures[13,42–48].

4. Conclusions

(1) Multi-pass hot rolling promoted the formation of small second phases. Such phases were 

conducive to the dynamic recrystallization and with the help of multiple dynamic recrystallization, the 

microstructure homogeneity of the resulting sheet was significantly improved and its average grain size 

was refined to 8.83 μm from 34.3 μm of the initial material.

(2) The rolling deformation rotated abundant grain c-axes toward the ND during the multi-pass 

hot rolling, enhancing the basal texture strength. The fiber basal texture gradually transferred into the 

(0002) basal texture owing to the deformation mode activation from basal slip and tension twinning to 

prismatic slip. Meanwhile, one strengthened <10-10>//RD texture component developed in the (10-10) 
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pole figure during rolling.

(3) The YS along the RD was significantly improved to 324 MPa in the Pass 3 sheet from 164 

MPa in the initial material based on fine-grained strengthening, precipitation strengthening and texture 

modification. There was an obvious anisotropy between the RD and the TD during the tensile test 

where the yield strength along the RD was higher about 51MPa that that along the TD (RD: 160 MPa, 

TD: 109 MPa). The deformation mechanism distribution maps indicated that the RD strong basal 

texture made its prismatic slip activated more, and therefore produced the higher yield strength owing 

to the higher critical resolved shear stress of prismatic slip.
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