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Abstract:



Microstructure and mechanical properties development of extruded Mg-1Y (wt. %) binary alloy during equal channel angular pressing (ECAP) with route Bc at 400 °C, and subsequent annealing treatment between 300–400 °C at different holding time of 5–120 min were investigated using an optical and scanning electron microscope (SEM), electron back scattered diffraction (EBSD), tensile test, and hardness test. The grain size of as-extruded material (~10.9 μm) was refined significantly by 1-pass ECAP (~5.8 μm), and resulted in a remarkably enhanced elongation to failure (EL) (~+62%) with a slightly decreased ultimate tensile strength (UTS) (~−3%) comparing to the as-extruded condition (EL = 11.3%, UTS = 200 MPa). The EL was further increased to 27.3% (~+142%) after four passes of ECAP comparing to the as-extruded condition, which was mainly caused by the much more homogenized microstructure. The split basal poles with about 60° rotations to the extruded direction (ED), the relatively coarsened grain size by static recrystallization (SRX) and post-dynamic recrystallization (PDRX) after four passes of ECAP might be responsible for the decreased strength with increasing ECAP pass. During the annealing treatment, recovery dominantly occurred at 300 °C, SRX and grain growth emerged at 350 °C and 400 °C, respectively. Meanwhile, the grain grew and hardness decreased rapidly even within 5 min for 1-pass ECAPed material at 400 °C, indicating a larger grain boundary mobility of ECAPed materials induced by higher deformation energy than the as-extruded ones.
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1. Introduction


Nowadays, as the problems of environment and energy shortages have become more and more serious, there is a high demand for strong and lightweight materials. Magnesium (Mg) and its alloys are quite promising candidates due to their low density, high strength/weight ratio and cast capability [1]. However, the relatively low strength and ductility limit their broad applications [2].



Alloying elements, especially the rare earth (RE) elements, can remarkably improve the performance of magnesium [3,4]. Yttrium (Y), as a rare earth element, is widely introduced to magnesium alloys, which is capable of improving the performance of magnesium alloys more efficiently than aluminum, manganese [5] and some other RE elements [6,7]. Beyond that, during the deformation process, alloying yttrium can activate non-basal slip systems and improve the ductility of magnesium alloys [5,8,9].



In addition to alloying elements, processing by severe plastic deformation (SPD) is an efficiency method to improve the strength and ductility of Mg alloys [10,11,12,13]. Equal channel angular pressing (ECAP), as one of the SPD techniques, is attractive for imposing high strain to materials by multi-passes without cross-sectional dimensions changed [12,13]. The ECAP has been applied to various alloys for enhancing the mechanical properties [11,14,15]. During this process, the microstructures of ECAPed materials could be refined and homogenized by dynamic recrystallization (DRX) [16,17,18]. Dynamic recrystallization in magnesium and its alloys has been reported to occur by several mechanisms. According to the characteristics of the recrystallization process, these recrystallization mechanisms can be divided into two groups: continuous and discontinuous dynamic recrystallization. It is also reported that stacking fault energy, initial grain size and thermo-mechanical processing conditions could have a significant effect on DRX [19]. Moreover, DRX has been proven to influence the final microstructure and mechanical properties of the deforming specimens strongly [19,20,21]. In addition, there are reports that subsequent annealing treatment can release the residual stress and internal energy of ECAPed materials, resulting in a further improvement of the performance [11,22].



However, the microstructure and mechanical properties evolution of Mg-Y based alloys during ECAP, and subsequent annealing treatment are not fully understood. Recently, Zhou et al. [14] investigated the effect of ECAP on microstructure and mechanical properties of Mg-Y-RE-Zr alloy, who revealed that the first pass of ECAP process in grain refinement is more efficient than higher passes, and the intensity of (0002) basal texture increased with increasing ECAP passes. Lapovok et al. [23] reported that the annealing treatment could enhance the mechanical properties of ECAPed Mg-Y-Zn alloy, and noted that optimized properties were achieved by the ECAP process at 500 °C with subsequent annealing treatment at 400 °C for 12 min. The current paper mainly investigates the microstructure evolution and mechanical properties alteration of Mg-1Y binary alloy during ECAP and subsequent annealing treatment, focusing on the relation between microstructure and mechanical properties. The results can provide a reference for developing high-performance Mg-Y based alloys by ECAP and the related heat treatments.




2. Materials and Methods


Mg-1Y (composition in wt. %, if there is no additional statement) ingots were prepared from high purity (≥99.9%) Mg and Mg-30Y master alloys by induction melting in a mild steel crucible at approximately 750 °C under the protection of a mixed atmosphere of CO2 and SF6 with the volume ratio of 100:1. Finally, the melts were poured into a steel mould with the diameter of 95 mm, and the ingots were homogenized at 530 °C for 8 h and cooled in air. Moreover, the actual chemical composition of the ingots was Mg-0.86Y, obtained by inductively coupled plasma spectrometer (ICP, Perkin-Elmer, Waltham, MA, USA).



The ingots were cut into a cylinder with a diameter of 90 mm from the center and extrusion was conducted at a ratio of 9:1 at 300 °C. The rectangular samples prepared for ECAP, with the geometry of 20 × 20 × 70 mm, were machined from the center of as-extruded materials. Figure 1 illustrates the procedure of ECAP, four passes with route Bc (the sample is rotated by 90° in clockwise between each pass) were performed through the H13 steel die with an internal angular ([image: there is no content]) of 90° and external angular ([image: there is no content]) of 37° at 400 °C, and the stain of each pass was ~1 [12,13]. The rectangular samples were held at 400 °C for 10 min and then pressed through the die preheated to 400 °C with a press speed of ~0.6 mm·s−1 in each pass, with [image: there is no content] and graphite lubricant the channels. The average inter-pass time of each ECAP process is ~90 s. After the procedure of ECAP, the samples were quenched in water to prevent the further growth of grain. Figure 2 shows the photographs of ECAPed samples at 400 °C for different passes, and the samples do not show any surface defects and have a similar appearance after different passes. However, there is a decreasing trend in the length of the sample with increasing passes, due to the surface sanded procedure of the samples between each pass. It is worth noting that a lower temperature pressing at 350 °C was performed, but failed to produce the sample without cracks.


Figure 1. Schematic illustrations of (a) the geometry of the rectangular samples prepared for Equal channel angular pressing (ECAP); (b) ECAP process with reference axes. ED, TD and ND represent the extrusion direction, transverse direction and the normal direction to x-plane, respectively.
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Figure 2. Photographs of ECAPed samples at 400 °C for different passes.
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Annealing treatments for as-extruded and 1-pass ECAPed materials were performed at various temperatures between 300–400 °C with different holding times of 5–120 min.



The microstructural observation was conducted by using Zeiss Axio Lab A1 optical microscope (OM, Zeiss, Brno, Czech Republic) and QUANTA FEG 250 scanning electron microscope (SEM, FEI, Hillsboro, OR, USA) equipped with an Oxford Instruments-HKL channel 5 EBSD analysis system (Oxford Instruments, Abingdon, Oxfordshire, UK). For OM and EBSD, observation plane of the samples was the Extrusion Direction-Transverse Direction (ED–TD) plane, as shown in Figure 1. The grain size (d) was estimated by the linear intercept method using optical microscope images (d = 1.74 × L, where L is the linear intercept grain size [24]).



The tensile properties were evaluated by a CMT-5105 universal testing machine (MTS Industrial Systems, Shenzhen, China) with a strain rate of 1 × 10−3 s−1 at ambient temperature. The dog bone tensile specimens, machined from the center of as-extruded and ECAPed samples, with gauge length of 8 mm and cross-sectional area of 2 × 3 mm. The longitudinal section of the specimen was parallel to the Extrusion Direction-Normal Direction (ED–ND) plane, and the tensile axis was parallel to ED (Figure 1). The tensile tests were performed at least thrice on each condition, and the averages were taken as the reported measurements. The Vickers microhardness ([image: there is no content]) of the samples on the ED–TD plane were measured by HVS-30D series digital micro hardness test machine (Precision Instrument, Shanghai, China) equipped with a diamond pyramidal indenter with an applied load of 1000 g for 10 s, at least eight separate points were randomly selected and the values of [image: there is no content] were the average measurements.




3. Results and Discussion


3.1. Microstructures


Figure 3 illustrates the optical microstructures of Mg-1Y alloys with different ECAP passes. As shown in Figure 3a, after the extrusion process, plenty of coarse grains are elongated along the extrusion direction (ED), and fine grains exist around the elongated coarse grain boundaries. Stanford observed a similar phenomenon in extruded Mg-Gd alloy [25], and it is probably due to the fact that the elongated grains, which store a large amount of deformation energy, are favorable to the nucleation of recrystallization. During the pre-heat treatment before the ECAP process, the grains grow rapidly due to static recrystallization (SRX), but the distributions of the grains are much more homogenized (Figure 3b). After 1-pass, more and more coarse grains are substituted by fine grains and some fine grains coexist within the elongated coarse grains, which separate the elongated grains just like a stick bread cut by a knife. The microstructures tend to be homogenized and the grain boundaries are more distinct with passes increased. After three passes, the elongated coarse grains disappear completely, and the grains are further homogenized after four passes. However, the grain boundaries remain the serrated borders as before, which indicate that continuous dynamic recrystallization (CDRX) during the ECAP process is incomplete, and still reserve plenty of energy in the grain boundaries [26]. It is probably due to yttrium (Y) atoms segregated to the grain boundaries, which could suppress dynamic recrystallization (DRX) [21]. A larger number of grains (>1000) are measured by the linear intercept method, and the average grain size of each pass is shown in Figure 3. It needs to note that the grain size of the as-extruded sample after pre-heat treatment (~24.7 µm) was refined dramatically by the 1-pass ECAP process (~5.8 μm).


Figure 3. Optical microscope images of (a) as-extruded Mg-1Y alloy; (b) as-extruded Mg-1Y alloy treated at 400 °C for 10 min before 1-pass ECAP process; (c) 1-pass; (d) 2-pass; (e) 3-pass; and (f) 4-pass ECAPed alloys.
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Unfortunately, the growth of grain is observed in the subsequent 1–3-passes ECAP (Figure 3). Except as mentioned above, preheating before ECAP would lead to the growth of grain, another important point should be considered: the samples are not pressed out at the same time during the ECAP process, and there would be post-DRX or SRX at 400 °C for the section which comes out earlier. This point will have pronounced impacts on the microstructure evolution and, simultaneously, mechanical properties. Bohlen et al. have proven that the extruded AZ31 samples exited from the die by air-cooling led to a change in the microstructure with coarser grains than water-cooled ones, which was related to SRX and post-DRX. Meanwhile, the air-cooled sample revealed a remarkably decreased strength compared to the water-cooled one [27]. Similar results were also observed in extruded Mg-Li-(Al) alloys [28]. Therefore, the different cooling conditions should have some influence on the development of microstructure and mechanical properties of the Mg-1Y alloy, which needs further investigation. Meanwhile, the ECAP process in the following chapters of the current paper includes pre-heat treatment and the pressed process, if there is no particular statement.



The {0001}, {11–20} and {10–10} pole figures of as-extruded and 4-pass ECAPed materials are shown in Figure 4 (the dates are from the electron back scattered diffraction measurements). In the as-extruded materials, it is evident that the {0001} basal plane shows a maximum intensity of around 5.1 MRD (multiples of random distribution) and appear to have an angle of nearly 90° with the extrusion direction (ED). Meanwhile, the {11–20} and {10–10} planes in most grains are nearly perpendicular to the normal direction (ND) with a relatively weak texture. After four passes, the {0001} basal plane presents a stronger texture with a maximum intensity of around 8.2 MRD and has an angle of about 60° with ED. It needs to be noted that a split basal texture is observed in 4-pass ECAPed materials, which might be due to the higher activity of the non-basal <c + a> slip by alloying Y [24,25] during the ECAP process.


Figure 4. Pole figures of (a) 0-pass (as-extruded); and (b) 4-pass ECAP alloys (the dates are from the electron back scattered diffraction measurements).
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Figure 5 illustrates the optical micrographs of as-extruded and ECAPed (1-pass) Mg-1Y after annealing at different temperatures for 60 min. The microstructures show no apparent variations at 300 °C, while, at 350–400 °C, the grain grew rapidly and the elongated coarse grains in the as-extruded and ECAPed samples disappeared due to static recrystallization (SRX). It proved that intragranular dislocation and the stored energy accumulated during deformation were released, leading to the homogenized grains. Moreover, the growth of grain with higher ECAP passes might be attributed to the rapid grain growth rate at 400 °C.


Figure 5. Optical microscope images of (a) as-extruded; and (b) ECAPed (1-pass) alloys at different annealing temperatures for 60 min.
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3.2. Mechanical Properties


The tensile engineering stress–strain curves of as-extruded and ECAPed materials are presented in Figure 6. Moreover, the yield strength (YS), ultimate tensile strength (UTS) and elongation (EL) to rupture are summarized in Figure 7. The EL of Mg-1Y alloy is remarkably enhanced by 1-pass ECAP (~18.4%) compared to the as-extruded condition (~11.3%) with a slight decrease of the strength. With increasing pass, the YS and UTS decreased while the EL increased gradually. After four passes, the EL further increased to 27.3%, which is 141.6% larger than the as-extruded alloy, with 11% and 24% decrement of UTS and YS, respectively.


Figure 6. Tensile engineering stress–strain curves, and solid line represents current trials: (#1) as-extruded sample; (#2) 1-pass ECAPed sample; (#3) 2-pass ECAPed sample; (#4) 3-pass ECAPed sample; (#5) 4-pass ECAPed sample; dash line represent the trials by Ref. [29]; (#6) as-cast pure Mg; (#7) 4-pass ECAP at 360 °C (Mg); (#8) 1-pass ECAP at 360 °C + 3-pass ECAP at 300 °C (Mg).
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Figure 7. The mechanical properties evolution versus ECAP pass.
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Compared with the curves of as-cast pure Mg and pure Mg processed by ECAP with route A under different experimental conditions studied previously [29] (Figure 6), the mechanical behavior of pure Mg and Mg-1Y is significantly different. First, after the 4-pass ECAP process at 400 °C, YS and UTS of Mg-1Y alloy represent a decreasing trend at a similar slope, which disagrees with the greatly increased YS and UTS of pure Mg at a lower temperature (360 °C). The main reasons are probably the increased grain size during ECAP at 400 °C and weakened basal texture by alloying yttrium. Second, after four passes, Mg-1Y alloy (YS, UTS, EL = ~132 MPa, ~178 MPa, ~27%) shows dramatically outstanding mechanical properties than pure Mg (YS, UTS, EL = ~58 MPa, ~162 MPa, ~16%), which is related to solid solution strengthening and the activation of <c + a> slip by alloying yttrium. Simultaneously, route Bc is more efficient in grain refinement than route A [12,13]. Therefore, yttrium could significantly improve the strength or enhance the ductility of Mg alloys. Furthermore, ECAP also should be able to refine grains more efficiently at a lower temperature with a premise that there are no cracks generated during the process.



The curve of YS versus the square root of grain size ([image: there is no content]) for the alloys is shown in Figure 8. It deviated from the Hall–Petch relationship (positive slope), and the sign of yield strength versus d−1/2 is neither positive nor negative. A similar result was found in AZ61 Mg alloys [18,24], which is due to Mg alloys having an HCP structure; therefore, texture orientation and the activation of non-basal slip can affect its mechanical properties, rather than just grain boundary strengthening (Hall–Petch relationship) [18]. According to the pole figures of as-extruded and 4-pass ECAPed materials (Figure 4), the {0001} basal plane of as-extruded rotated from about 90° to 60° with ED after the 4-pass ECAP process, which indicates that basal slip of 4-pass ECAPed material might emerge easier than the as-extruded one, due to a relatively larger Schmid factor (m).


Figure 8. Yield strength versus the square root of grain size ([image: there is no content]) for as-extruded and ECAPed Mg-1Y alloys.
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Thus, after 1-pass ECAP process, the significant enhancement of EL (~63% larger than the as-extruded one) correlates with the remarkably refined grains. Meanwhile, the increased volumes of grain boundaries probably could not retard dislocation slide efficiently and resulted in a slightly decreased strength. After four passes, the homogenized grains play a major role in a further remarkably increased EL. Moreover, the relatively coarser grain, due to SRX during pre-heat treatment and post-DRX after the ECAP process, could also lead to the decreased strength. In addition, the texture evolution during ECAP perhaps also affects the mechanical properties, which needs further investigation.



The hardness and grain size evolution during the annealing treatment are shown in Figure 9. At 300 °C, there is a slight fluctuation of hardness with increasing annealing time. Nonetheless, the hardness decreased significantly with increasing annealing time at 350–400 °C. A higher decreased rate and lower hardness value at 400 °C compared to that at 350 °C for all the specimens tested is observed. It indicates that more dislocation and deformation energy were consumed at a higher temperature and resulted in a complete recovery. Furthermore, the grain grew rapidly at 400 °C, which might be attributed to the mobility of high angle grain boundaries (HAGs) increasing with a rise of temperature and more low angle grain boundaries (LAGs) being consumed by HAGs [30]. The grain size and hardness exhibit similar trends during annealing treatment for as-extruded and ECAPed materials (Figure 9). However, the grain growth of the ECAPed materials is much more pronounced than as-extruded specimens at 400 °C, which is due to the samples storing more energy after ECAP than the extrusion process, resulting in a larger driving force for grain boundary immigration [30].


Figure 9. The grain size and hardness versus annealing time at (a) 300 °C; (b) 350 °C; (c) 400 °C of as-extruded, ECAPed (1-pass) materials.
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During annealing treatment, recovery will emerge first and then static recrystallization (SRX) occurred. The microstructural changes in a material are subtle and occur on a small scale during recovery [30]. As aforementioned, when annealing at 300 °C, no clear variations could be observed (Figure 5). However, the hardness values versus annealing time at 300 °C show a slight fluctuation. Hence, recovery mainly occurred for Mg-1Y alloys annealing at 300 °C.



For higher temperature annealing (350–400 °C), not only recovery emerged, but static recrystallization and further grain growth also occurred. However, whether recovery or static recrystallization, the grain boundary mobility is one of the controlling factors, which can be described by the equation as follows [30]:


[image: there is no content]



(1)




where v is the moving velocity of grain boundary, grain boundary mobility [image: there is no content] is the constant during isothermal annealing, [image: there is no content] is driving pressure, and [image: there is no content] is the retarding pressure due to solute drag. Meanwhile, the grain boundary structure, point defect and some other factors are ignored here. According to the equation, with increasing temperature, the grain boundary mobility (M) enhanced exponentially. It explains why the grain growth rate of annealing at 400 °C is much higher than that at 350 °C. Moreover, annealing treatment consistently releases deformation energy, which decreases driving force ([image: there is no content]) with increasing annealing time. This therefore shows a rapid decrease rate for hardness value and grain growth when start annealing treatment. Subsequently, the rate of softening and grain growth are slowing down with increasing annealing time. Compared with Mg-6Zn-Y (at. %), whose best annealing temperature (the sample represents a refined and homogenous grain) is 400 °C [22]. However, Mg-1Y shows coarse grains and deteriorating hardness in the same conditions. The main reason is that Mg-6Zn-Y (at. %) possesses more solid atoms in grain boundaries, which slows the mobility of the grain boundary by increased [image: there is no content] in Equation (1). Therefore, compared to the influence of the different annealing temperatures on the microstructure and hardness, 350 °C is a suitable annealing temperature for Mg-1Y alloy.




3.3. Fractography


Figure 10 shows SEM fractography of the as-extruded and ECAPed Mg-1Y alloys. The fracture surfaces of as-extruded and ECAPed Mg-1Y are mainly composed of tear ridges, cleavage planes and dimples. With increasing ECAP passes, the proportions of cleavage planes decreased and more highly developed tearing ridges and tiny dimples were observed, which suggests that the specimen undergoes a substantial plastic deformation prior to fracture, which is consistent with the significant improvement of elongation, as aforementioned. It is worth noting that, as shown in Figure 10c, there are some tiny dimples and secondary cracks surrounding elliptic selection. Considering elongated coarse grains still existing after 2-pass ECAP and fine grains nucleated and growing around them (Figure 3d), the elliptic selection was the cleavage plane of the elongated grain.


Figure 10. SEM fractography of (a) 0-pass (as-extruded); (b) 1-pass; (c) 2-pass; (d) 3-pass; (e) 4-pass ECAPed Mg-1Y alloys; and (f) higher magnification of the rectangular selection of (e).
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4. Conclusions


The microstructure and mechanical properties of Mg-1Y alloy during ECAP with route [image: there is no content] at 400 °C and subsequent annealing treatment between 300–400 °C at different holding time of 5–120 min were investigated. The main conclusions of this work are summarized as follows:

	
The grain size of as-extruded materials (~10.9 μm) is refined significantly by 1-pass ECAP (~5.8 μm), and resulted in a remarkably enhanced elongation to failure (EL) (~+62%) with a slightly decreased strength (~−3%) comparing to the as-extruded condition (EL = ~11.3%, UTS = ~200 MPa). The EL is further increased to ~27.3% (~+142%) after 4-pass ECAP compared to the as-extruded condition, which is mainly due to the much more homogenized microstructure. The split basal poles with about 60° rotations to the extruded direction (ED) and the relatively coarsened grain size by SRX and post-DRX after 4-pass ECAP might be responsible for the decreased strength with increasing ECAP pass.



	
With increasing ECAP pass, the proportions of cleavage planes decreasing and more highly developed tearing ridges, tiny dimples are observed indicating large plastic deformation occurred before fracture, which is consistent with the remarkable enhancement of the EL.



	
Annealing treatments indicate that recovery dominantly occurs at 300 °C, SRX and grain growth emerge at 350 °C and 400 °C, respectively. Meanwhile, the grain growth and hardness decrease rapidly even within 5 min for 1-pass ECAPed alloy at annealing temperature 400 °C, implying a larger grain boundary mobility induced by higher deformation energy than the as-extruded ones.
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