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Abstract
The effect of p-block elements (Ga, Ge and In) addition on grain boundary structures and room temperature mechanical responses was investigated on extruded Mg binary alloys with fine-grained structures.  Grain boundary segregation was confirmed in the Mg-Ga and Mg-In alloys, whereas the Mg-Ge alloy did not show such microstructures associated with solubility.  Grain boundary segregation affected the plastic deformation of the Mg-Ga and Mg-In alloys.  In particular, the Mg-In alloy had a large strain rate dependency and exhibited good deformability at low strain rate regimens.  First-principles calculations indicated that p-block elements produce a bond-weakening effect at grain boundaries, and atomistic distances at grain boundaries varies according to the element.  Solute atom which brings about both bond-weakening and bond-expansion effects to Mg atoms is effective in enhancing the contribution of grain boundary sliding in deformation.
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1. Introduction
Magnesium (Mg) and its alloys are well recognized for low ductility with brittle fracture at ambient temperatures associated with their hexagonal crystal structure.  However, several studies focusing on grain boundary plasticity in these ambient temperature regimes have pointed towards activation of non-basal dislocations in the vicinity of grain boundaries [1] and the occurrence of grain boundary sliding [2,3].  This suggests that introducing high fraction of grain boundaries, i.e., grain refinement, is effective in resolving such intrinsic issues.  Thermomechanical process is one of the essential methods used to control the microstructure, especially the grain size, of metallic materials including Mg alloys.  This process leads to segregation of the alloying elements to grain boundaries, and this grain boundary feature affects the mechanical property [4-7].  
Grain boundary segregation is observed in several wrought-processed Mg alloys [8-20].  The solute atom is also segregated to sub-grain and twin boundaries [8,20], in addition to general grain boundaries.  This type of grain boundary segregation contributes to high strength of Mg alloys, similar to other metallic materials [12].  Trang et al. have also reported to play a role in improving formability [13].  Regarding the impact of microstructural evolution, Hadorn et al. [9,14] and Stanford et al. [15] have pointed out that grain boundary segregation influences texture modification of Mg alloys.  One of the mechanisms for weakening texture is the mobility of grain boundaries and dislocations during dynamic recrystallization [9].  Xiao et al. [8] have stated that grain boundary segregation is effective in preventing grain coarsening.  Apart from this, our previous studies [16-19] have systematically shown the effect of alloying elements that segregates to grain boundaries on the mechanical response (excluding strength) and deformation behavior of fine-grained Mg binary alloys.  For instance, regarding fracture behavior, the alloying element with larger atomic radius than that of Mg is likely to enhance intergranular fracture [18].  As for ductility, the segregated elements either enhances or prevents grain boundary sliding [16,19].  The significant contribution of grain boundary sliding to deformation even at room temperature has been observed in fine-grained Mg-Li and Mg-Mn alloys [16,17].  Co-segregation behavior has also been confirmed in wrought-processed Mg alloys [21-26], and such grain boundary feature affects texture modification and mechanical properties.  
The elements of Al, Sn, In, Ga, Ge and Pb, which tend to have a characteristic low melting point [27], are called as the poor metals and belong to the p-block elements in the periodic table.  These elements have a maximum solubility of 0.1 at.% in Mg [28], but alloying of Pb may leads to adverse effects on the ecology.  Alloying of Al and Sn elements are well known in several Mg alloys from an economical viewpoint.  Similar to other alloying elements, Al and Sn are observed to segregate to grain boundaries, [19,20]; nevertheless, these grain boundaries are not harmful for mechanical properties, e.g., no intergranular fracture.  From an atomistic bonding perspective, the electron in the p-orbital of the Al or Sn element participates in weak bonding with Mg [29].  These elements are assumed to show similar bonding behavior, because of belonging to the same group in the periodic table; in other words, the Mg alloys with addition of p-block elements exhibit similar characteristics.  However, except for Al and Sn, there are no reports on the impact of other poor metals, such as Ga, Ge and In, on grain boundary plasticity as well as microstructural features at grain boundary.  In spite of being in the same group, clarification of these points is greatly assumed to expand the range of choices of alloying elements.  Therefore, in this study, we examined grain boundary segregation behavior using these three elements and investigated the mechanical response.  In addition, we considered the difference in these elements through experimental and numerical studies.  


2. Experimental and numerical procedures
Extruded Mg-0.3at.%X (where X is Ga, Ge or In) binary alloys with fine-grained structures were used in this experimental study.  Cast binary alloys were solution treated at the temperature of 773 K for more than 2 hours.  The alloys were then subjected to extrusion to refine grain structures and to segregate the alloying element to grain boundaries.  Extrusion was conducted at 453 K, 463 K and 398 K for Mg-0.3Ga, Mg-0.3Ge and Mg-0.3In alloys, respectively.  Extrusion ratio and ram-speed were 25:1 and 0.2 mm/s, which are the same as in our previous studies [3,16,30].  Microstructures of the extruded alloys were observed by electron backscattered diffraction (EBSD) and transmission electron microscopy (TEM).  The observation plane was parallel to the extrusion direction, i.e., the ED-ND plane (where ED is the extrusion direction and ND is the normal direction).  On the basis of TEM observations focusing on segregation behavior, the mechanical properties of the extruded Mg-0.3Ga and Mg-0.3In alloys were evaluated by tensile and compression tests at room temperature.  The initial strain rates were set to between 1  10-6 /s and 1  10-2 /s for both tensile and compression tests.  The gauge section of the tensile specimen had a diameter of 2.5 mm and a length of 10 mm, and the compression specimen consisted of a height of 10 mm and a diameter of 5 mm.  These specimens were produced by machining parallel to the extrusion direction.  Deformed microstructures of the alloys compressed at specific conditions were observed by EBSD and TEM.  Surface features of the Mg-0.3In alloy after the compression test were also observed by scanning electron microscopy (SEM).  The observed plane in these deformed alloys was parallel to the direction of the applied compressive load, i.e., the extrusion direction.  All specimens for EBSD observation were prepared by polishing and etching.  TEM specimens for initial microstructural observations were produced by ion-milling, and for deformed microstructural observation by focused ion beam (FIB) pickup method.  It is noted that at least five regions were observed to confirm the reproducibility of grain boundary segregation behavior.
First-principles calculations were performed to investigate the effect of alloying elements on the segregation behavior and electronic structure at grain boundary of Mg.  The () coincidence-site-lattice tilt grain boundary with the <> rotation axis was chosen as an energetically unstable grain boundary.  The atomic model of the () grain boundary includes 208 atoms.  There are six potential sites at the grain boundary plane in this model.  The segregation tendency was explored when the solute atom is substituted into all possible grain boundary sites.  First-principles calculations based on the density functional theory (DFT) were carried out to evaluate the segregation energy and electronic structure.  In the present study, DFT calculations were implemented using the Vienna ab-initio simulation package [31,32].  The generalized gradient approximation in the form of the Perdew-Burke-Ernzerhof exchange-correlation density functional [33] was used.  The plane-wave energy cutoff was set at 400 eV in conjunction with the first-order Methfessel-Paxton scheme and a smearing parameter of 0.1 eV.  Brillouin-zone k-point samplings were selected using the Monkhorst-Pack algorithm [34].  6 × 2 × 1 k-point samplings were used for structural relaxation procedure while finer k-point samplings of 12 × 5 × 1 were used for electronic density-of-states calculations.  The electronic structure was converged when the energy difference of self-consistent field calculations was below 10-5 eV.  Structural relaxation was performed by the conjugate gradient method, by which the relaxed configurations were obtained when the force on all atoms was reduced to less than 0.02 eV/Å.  The most stable site for each solute element was determined, and the corresponding segregation energy was evaluated by DFT calculations. 


3. Results
3.1. Initial microstructure and mechanical property
Inverse pole figure images of each extruded Mg binary alloy are shown in Fig. 1.  They reveal the recrystallized structures of all extruded alloys without any presences of deformation twins.  The average grain sizes analyzed by OIM software (EDAX/TSL ver. 7) are determined to be 3.1 m, 3.1 m and 2.8 m for the Mg-0.3Ga, Mg-0.3Ge and Mg-0.3In alloys, respectively.  The corresponding texture features (insets below image) show that these alloys are also found to have a basal texture associated with the extrusion process.  They indicate that alloying of the p-block element is not influential for texture distribution.  Figure 2 shows the microstructures in the vicinity of grain boundaries in each alloy obtained from TEM observations.  Energy-dispersive X-ray spectroscopy (EDS) maps of the alloying elements, Ga and In, show that the region at grain boundaries suggests segregation of Ga or In element.  More than five grain boundaries at various locations were examined; however, to the best of our observations, grain boundary segregation is unlikely to have occurred in the extruded Mg-0.3Ge alloy.  In EDS map of Ge (Fig. 2(b)), there is a Ge-rich spot marked by a white arrow in the matrix.  While the phase diagram of the binary alloy shows that the Ge element can be dissolved in Mg [28], solid solubility dramatically reduces with decreasing temperature and is less than 0.1at.% at the present extrusion temperature of 463 K.  Hence, according to the phase diagram, precipitation of GeMg2 is assumed to readily occur in the Mg-0.3Ge alloy, instead of grain boundary segregation.  
Since the main purpose of this study is understanding the impact of grain boundary segregation, consideration about mechanical response using the Mg-0.3Ge alloy is excluded hereafter.  Nominal stress vs. strain curves obtained from tensile and compression tests of the Mg-0.3Ga alloy and Mg-0.3In alloy are provided in Fig. 3.  Plastic deformation responses are influenced by the strain rate and alloying element.  In the Mg-0.3Ga alloy, the flow stress is observed to depend on the strain rate in the tensile test, but does not show such a tendency in the compression test.  Particularly, regardless of the strain rate, all compressive stress vs. strain curves are sigmoidal in shape, observed especially for the room temperature compression tests of wrought-processed Mg alloys [35].  This suggests that {} deformation twins contribute considerably to plastic deformation.  On the contrary, in the Mg-0.3In alloy, flow stress appears to reduce with decreasing strain rate in both tensile and compression tests.  Furthermore, the failure does not occur during compression test even when the nominal strain of 0.5 was applied at strain rates below 1  10-4 /s.  Notably, in the present study, compression test was terminated in the case of reaching to the nominal strain of 0.5, owing to the limitation of measurement load value.  However, it is noticeable that the compressive response at the strain rates above 1  10-3 /s in the Mg-0.3In alloy becomes similar to that of the Mg-0.3Ga alloy and general wrought-processed Mg alloys.

3.2. Deformation mechanism
To further understand the strain rate dependence, the variation in flow stress as a function of strain rate is shown in Fig. 4 for (a) tensile and (b) compression tests.  The flow stress is determined by the nominal stress at the nominal strain of 0.05.  The slope of these figures corresponds to the strain rate sensitivity (called the m-value), which has a close relation to major plastic deformation mechanisms.  The slope of the Mg-0.3In alloy becomes large with reduction of strain rate, irrespective of the testing methods.  The maximum m-value is obtained in the regimes between 10-5 /s and 10-6 /s, and these values are 0.165 and 0.149 for the tensile and compression tests, as listed in Table 1.  With similarity to that of the Mg-0.3In alloy, the Mg-0.3Ga alloy shows a slope in tensile test and has m-value of 0.057, but the magnitude of the slope and this m-value are clearly lower than those of the Mg-0.3In alloy.  The plastic response during the compression tests exhibits null strain rate dependence, i.e., m-value  0.  These results reveal that the major deformation mechanism is changed with the alloying element.  
[bookmark: _Hlk137458776]Inverse pole figures of the alloys deformed with compressive strains of 0.03 and 0.09 at the strain rate of 1  10-4 /s are shown in Fig. 5.  The corresponding texture features analyzed EBSD results are inset below each image.  In accordance with our expectation, they show different microstructures.  Formation of deformation twins, which are identified as {} twins from the OIM analysis, are confirmed in the Mg-0.3Ga alloy.  The value marked on the upper right corner is the length fraction of {} twin boundary, and this fraction increases with further magnitude of compressive strain.  In the texture distribution, some grains exist arcs of (100), associated with twin formation.  On the other hand, in the Mg-0.3In alloy, the above-mentioned deformed features are unlikely to exist even on application to the nominal strain of 0.09.  These tendencies are consistent with the current mechanical responses, i.e., the m  0 and > 0.05 for the Mg-0.3Ga and Mg-0.3In alloys, respectively, (in Fig. 4(b)).  Hence, the reason for null strain rate dependence is deformation twins, which is recognized as an athermal process [36].  Deformed microstructural features of the Mg-0.3In alloy are shown in Fig. 6.  Scanning-TEM images of the Mg-0.3In alloy deformed with the compressive strain of 0.5 at the strain rate of 1  10-5 /s are provided in Figs. 6(a) to 6(c).  High density dislocations exist not only at grain interior but also at grain boundaries.  It is difficult to identify the type of dislocation slips owing to severe strains.  However, these images are taken with three different diffraction vector conditions; thus, it can declare the activation of dislocations with <c>-component, with certainty, as well as basal dislocations.  Figure 6(d) is a typical surface feature of this deformed Mg-0.3In alloy.  There are some traces of grain boundary sliding, as observed in other Mg and its binary alloys indicating large room temperature ductility/compressibility [3,18,30].  It is noted that the fraction of this trace in the current alloy tends to be weak, due to the lower m-value as compared to those of unique Mg and its alloys.  However, the present deformed microstructures suggest that, as an alternative to deformation twin formation, both intragranular deformations such as cross-slip and grain boundary sliding contribute to the deformation (and further to the plastic deformation) of the Mg-0.3In alloy.  

3.3. Electronic bonding feature at grain boundary
[bookmark: _Hlk142391608][bookmark: _Hlk142391588]To consider the effect of alloying element on the grain boundary feature from the electronic bonding perspective, the results obtained from first-principles calculations are shown in Fig. 7.  The segregation energies at the most stable sites are –0.30 eV and –0.14 eV for Ga and In, respectively, which indicates that these solutes have segregation tendencies.  Figures 7(a) and 7(b) are the charge density difference maps of the Mg-Ga and Mg-In models.  The projected local density of states (DOS) of Mg atoms around a solute at the most stable site on the grain boundary (corresponding to the configuration shown in Figs. 7(a) and 7(b)) are provided in Figs. 7(c) and 7(d).  From the macroscopic viewpoint, the electronic interaction between each solute and Mg atoms tends to behave isotropically, while the solute element makes the localized charge transfer vary slightly.  As expected from the charge density difference map analysis, the projected DOS of Mg atoms in the vicinity of the solute at the grain boundary is similar to that of pure Mg.  That is, there is no specific bonding between these solutes and Mg around the grain boundary.  Figure 7(e) is the projected DOS of the p-electron in the Mg model containing a p-block element.  The results of Mg-Sn and Mg-Al models are cited from our previous studies conducted with the same calculation settings [29].  This figure shows that, regardless of the type of p-block element, the electronic states around the solutes are lower than those of the Mg state, which indicates that the outer-shell p-electron does not participate in strong bonding with Mg.  On the contrary, in the case of focus on the other solutes, bonding behavior at grain boundaries is reported to be changed [29,37-41].  The valence electrons of rare-earth and Ag atoms tend to interact strongly with those of Mg; in contrast, the bonding between Li and Mg atoms is very weak because of the absence of effective hybridization.  These different electronic bonding features are likely to affect the deformation mechanism.  


4. Discussion
The results obtained from numerical studies indicate that p-block elements have similar electronic bonding features at grain boundaries, while are different from those of other general alloying elements, such as Y and Li.  It will be compared deformation mechanism of these Mg binary alloys (Mg-Y and Mg-Li alloys) with those of Mg alloys containing p-block elements.  Returning to Fig. 3, these plots include the previous results of extruded Mg and its binary alloys with similar microstructures, i.e., basal texture and average grain size [3,16,30].  Where the previous literatures have not reported mechanical responses at low strain rate regimes, additional tensile or compressive tests have been carried out in this study using the same extruded bars.  These stress vs. strain curves are provided in supplementary file Fig. S1.  When comparing with these Mg and its alloys, it is interesting to note that the present two alloys (Mg-In and Mg-Ga alloys) have similar trend for strain rate dependence in the alloys containing p-block elements.  For instance, Mg-0.3Ga and Mg-0.3Al alloys show analogous flow stress vs. strain rate, while Mg-0.3In alloy is similar to that of Mg-0.3Sn alloy.  Excluding these alloys, the Mg-0.3Li alloy and Mg-0.3Y alloy are found to show much larger and much smaller strain rate dependence (i.e., the m-value), respectively, as compared to these alloys.  Texture and grain size are well known to affect the mechanical properties of metallic materials including Mg and its.  Nevertheless, as previously discussed in [16,19] and on the basis of current microstructural observations (Figs. 1 and 2), these microstructures can be ignored for consideration.  The solute atom itself may influence deformation, i.e. the type of dislocation slips.  In our previous studies, rare-earth and Ca atoms decreases the critical resolved shear stress (CRSS) for non-basal dislocation, and these dislocation activities are observed in the deformed coarse-grains of these binary alloys [42].  On the contrary, p-block elements do not have this role.  It is also well-recognized that non-basal dislocation slip is activated by grain boundary compatibility [1].  Specifically, grain refinement is the preferred method to facilitate these dislocation slips, regardless of the solid solution effect.  It is noted that all of these alloys consist of fine-grained structures (~ 3 m); hence, grain boundary segregation can be simply dealt with as the major influence on deformation.
The above-mentioned effect of the alloying element (segregated to grain boundaries) on deformation behavior has been confirmed with other experimental results [19,43].  In damping tests, the Mg-Li and Mg-Y alloys exhibit a better and poorer loss factor than that of Pure Mg, associated with a higher and lower contribution of grain boundary sliding to internal friction [19].  In the tensile tests at intermediate temperatures, the onset temperature to occur grain boundary sliding in the Mg-Li alloy is much lower than that in the Mg-Y alloy [43].  Interestingly, alloys with p-block elements exhibit intermediate features between these two types of Mg alloys.  Considering an atomistic bonding, it is apparent that alloys containing solute elements that strongly bond with Mg have low m-value and the contribution of grain boundary sliding to deformation of these alloys is low.  Conversely, alloys with containing solute elements that weakly bond with Mg show large m-value and these alloying elements readily activate grain boundary sliding.  Therefore, the bond-strengthening/-weakening effect at grain boundaries plays a role in preventing/enhancing intragranular deformation and grain boundary sliding.  
The above numerical results (Fig. 7) and discussion reveal that all p-block elements cause bond-weakening effect at grain boundaries.  That is to say, alloying with these elements do not suppress the contribution of grain boundary sliding to deformation.  Nevertheless, as shown in Fig. 4, the mechanical responses of these alloys slightly differ: the m-values of Mg-In and Mg-Sn alloys appear to be higher than those of Mg-Al and Mg-Ga alloys.  On this point, the effect of p-block elements will be considered in brief, hereafter.  The change in ratio of atomistic distance between Mg and with/without solute element at grain boundaries is listed in Table 1.  Notably, this value is acquired from first-principles calculations at the most stable occupation site for each solute.  The change in the atomistic distance is related to the deformation mechanism.  The alloys having a small difference in the atomistic distance show large m-values in tension and compression tests.  This suggests that the presence of solute element at grain boundaries leads to variation in their free volumes.  In other words, the solute element having expansion effect produces a large free volume at grain boundaries.  It needs to be thought about that the atomistic distance is influenced by the grain boundary model (structure) as well as elastic- and/or electric-interactions.  Previous numerical studies have confirmed that the trend of atomistic distance on solute element is the same, regardless of the grain boundary models [29].  The dependence of electronic interaction is also assumed to be small, because the five elements belong to the same block in the periodic table.  Table 1 includes the changes in lattice parameters with solute concentration, a/C and c/C, where a and c are the lattice parameters along the a-axis and c-axis, respectively, and C is the solute concentration.  These data are measured from X-ray diffraction patterns of polycrystalline binary alloys [44].  Similar to the tendency of the atomistic distance, alloys with low values of a/C and c/C show high m-values (readily occurrence of grain boundary sliding).  It is necessary to deliberate other factors influencing deformation; however, the alloying of solute element, which leads to bond-weakening and bond-expansion effects to Mg at grain boundaries, enhances the contribution of grain boundary sliding to deformation for focusing on the p-block elements only. 


5. Conclusion  
The effect of p-block elements (Ga, Ge and In) on the grain boundary structures and mechanical responses was investigated using fine-grained Mg-0.3at.%X (X = Ga, Ge and In) binary alloys.  The following results are obtained.  
1) Three elements, which have a maximum solubility of more than 0.1 at.% in Mg, are selected as the alloying elements.  Segregation of Ga or In to grain boundaries are observed in these extruded alloys; however, in the extruded Mg-Ge alloy, Ge precipitated rather than segregated, due to its low solubility at the current extrusion temperature.  
2) The solute element, which segregates to grain boundaries, affects plastic deformation response at room temperature.  Segregation of In to grain boundaries tends to prevent the formation of deformation twins, in contrast to Ga.
3) Numerical studies reveal that the electronic interaction between each solute and Mg has the same characteristics, namely, bond-weakening at grain boundaries, regardless of the type of p-block element.  In contrast, atomistic distance tends to be influenced by the solute element.
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Captions

Figures
Fig. 1: Inverse pole figures for (a) extruded Mg-Ga alloy, (b) Mg-Ge alloy and (c) Mg-In alloy.  ED indicates the extrusion direction and the observed plane is parallel to the extrusion direction.  The value of I indicates the maximum intensity obtained from EBSD analysis.

Fig. 2: Typical microstructures observed by scanning-TEM and TEM bright field, and corresponding EDS maps (at.%) for (a) extruded Mg-Ga alloy, (b) Mg-Ge alloy and (c) Mg-In alloy.  White arrow in Fig. (b) indicates precipitation.  The square regions of solid lines in in Figs. (a) and (c) mark the area where EDS measurement was carried out.  

Fig. 3: Nominal stress vs. strain curves in tensile and compression tests for (a), (c) extruded Mg-In alloy and (b), (d) Mg-Ga alloy.

Fig. 4: Variation in flow stress as a function of strain rate in extruded Mg alloys for (a) tensile test and (b) compression test.  The data is cited using extruded pure Mg [3] and Mg binary alloys [16,30] consisting of similar microstructures.

Fig. 5: Deformed microstructures taken by EBSD for (a), (b) Mg-0.3Ga alloy and (c), (d) Mg-0.3In alloy.  Figures (a), (c) are compressed alloys with magnitude of nominal strain of 0.03, and Figs. (b), (d) are 0.09 at a compressive strain rate of 1  10-5 /s.  CD indicates the compressive direction, which is parallel to extrusion direction, and all the observed regions are parallel to the compressive direction.  Each value of I means the maximum intensity obtained from EBSD analysis.

Fig. 6: Deformed microstructures after compression tests at strain rate of 1  10-6 /s in Mg-In alloy.  Scanning-TEM bright field images taken along two-beam conditions orientation (shown by TEM electron diffraction, inset) of grain marked A with diffraction vectors of (a) , (b) , (c) .  (d) Surface features observed by SEM.  In Fig. (a), the grain marked B on the left is near diffraction condition with .  

Fig. 7: Results of first-principles calculation for (a), (b) charge density difference maps, (c), (d) projected local density of states of Mg atom around a solute at the most stable site on () grain boundary and (e) projected local density of states at outer-shell p-electron in the Mg-X model containing p-block element.  Charge density difference from pure Mg is colored by yellow and blue which represents the positive and negative value of isosurface.  E − Ef is the difference in energy against to Fermi energy.  The results of projected local density of states in Mg-Al and Mg-Sn models are cited from our previous study [29].





Table
Table 1: The m-values obtained from tension (mT) and compression tests (mC), effect of solute on atomistic difference measured from first-principles calculations and on change in lattice parameters calculated from previous literature [44].
	
	mT-value
	mC-value
	distance
	a/C
	c/C

	Mg-Al
	0.087
	0.030
	-0.017
	-0.378
	-0.496

	Mg-Ga
	0.057
	0.033
	-0.021
	-0.361
	-0.539

	Mg-In
	0.165
	0.149
	-0.008
	-0.128
	+0.044

	Mg-Sn
	0.165
	0.138
	-0.007
	-0.074
	-0.267

	Mg-Pb
	0.077
	0.060
	+0.004
	+0.089
	+0.052


where a and c are the lattice parameters in a- and c-axis in Mg binary alloys and C is the chemical concentration.  These m-values are measured from strain rates between 1  10-5 /s and 1  10-6 /s.
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Fig. 1: Inverse pole figures for (a) extruded Mg-Ga alloy, (b) Mg-Ge alloy and (c) Mg-In alloy.  ED indicates the extrusion direction and the observed plane is parallel to the extrusion direction.  The value of I indicates the maximum intensity obtained from EBSD analysis.
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Fig. 2: Typical microstructures observed by scanning-TEM and TEM bright field, and corresponding EDS maps (at.%) for (a) extruded Mg-Ga alloy, (b) Mg-Ge alloy and (c) Mg-In alloy.  White arrow in Fig. (b) indicates precipitation.  The square regions of solid lines in in Figs. (a) and (c) mark the area where EDS measurement was carried out.  
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Fig. 3: Nominal stress vs. strain curves in tensile and compression tests for (a), (c) extruded Mg-In alloy and (b), (d) Mg-Ga alloy.
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Fig. 4: Variation in flow stress as a function of strain rate in extruded Mg alloys for (a) tensile test and (b) compression test.  The data is cited using extruded pure Mg [3] and Mg binary alloys [16,30] consisting of similar microstructures.





[image: ]
Fig. 5: Deformed microstructures taken by EBSD for (a), (b) Mg-0.3Ga alloy and (c), (d) Mg-0.3In alloy.  Figures (a), (c) are compressed alloys with magnitude of nominal strain of 0.03, and Figs. (b), (d) are 0.09 at a compressive strain rate of 1  10-5 /s.  CD indicates the compressive direction, which is parallel to extrusion direction, and all the observed regions are parallel to the compressive direction.  Each value of I means the maximum intensity obtained from EBSD analysis.
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Fig. 6: Deformed microstructures after compression tests at strain rate of 1  10-6 /s in Mg-In alloy.  Scanning-TEM bright field images taken along two-beam conditions orientation (shown by TEM electron diffraction, inset) of grain marked A with diffraction vectors of (a) , (b) , (c) .  (d) Surface features observed by SEM.  In Fig. (a), the grain marked B on the left is near diffraction condition with .  
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Fig. 7: Results of first-principles calculation for (a), (b) charge density difference maps, (c), (d) projected local density of states at the most stable site around () grain boundary and (e) projected local density of states at outer-shell p-electron in the Mg-X model containing p-block element.  Charge density difference from pure Mg are colored by yellow and blue which represents the positive and negative value of isosurface.  E − Ef is the difference in energy against to Fermi energy.  The results of projected local density of states in Mg-Al and Mg-Sn models are cited from our previous study [29].
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