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Abstract
Effect of twin boundary with/without segregation of solute atoms on deformation behavior in tension is examined in Mg-3Al-1Zn (AZ31) alloys from low strain rates to high strain rates.  Solute atoms (Al and/or Zn atoms) are segregated at {102} twin boundaries by static annealing at a temperature of 423 K with a holding time of 150 min.  The room-temperature tensile mechanical response of the specimens, which have pre-induced twin boundaries, shows detwinning behavior, regardless of the strain rate between 10-5 /s and 100 /s.  The yield strength of these specimens is also unlikely to be affected by strain rate, because twin boundary mobility, i.e., the shrinkage, is an athermal process.  On the other hand, the specimen with segregating of solute atoms at twin boundaries exhibits an increased strength and a decreased strain hardening as compared with those in the specimen having non-segregated twin boundaries.  Newly formed deformation twins of several types, i.e., the {102} twins, {101} twins and {102}-{101} double twins, are the origin of fracture in these specimens.  
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1. Introduction
Deformation twins that lead to crystal rotation are well-recognized as an essential deformation mode for metals with the hexagonal close packed (HCP) structure.  In particular, the {} and {} twins, which induce extension and compression of the <c>-axis, respectively, are the most common types of all deformation twins [1].  For magnesium (Mg) and its alloys, the {} type of twins are readily formed and are observed at the beginning of plastic deformation.  This twin has a low critical stress required to form (and to grow), which is only higher than the critical resolved shear stress (CRSS) for basal slips.  In addition to the role of texture evolution, the {} twins have a characteristic mobility, depending on the applied stress direction.  When a very low magnitude of strain (e.g.,  < 0.001, where  is the strain) is reversibly applied to a specimen having pre-induced twin boundaries, these boundaries grow or shrink.  Such twin boundary movement contributes to internal friction; as a consequence, this mechanism plays a role in increase in damping capacity [2-7].  Twinning-detwinning behavior is pointed out to occur upon further increase of strain ( > 0.001) [8-12], for instance, in fatigue tests.  This unique behavior is considered to affect the fatigue limit in these tests. 
Apart from the degree of applied strains, several studies have revealed that mechanical properties are influenced by the existence of pre-induced {} twin boundaries.  The yield strength increases with volume fraction of pre-induced twin boundaries [13-17].  The twin boundaries are confirmed to be segregated by alloying elements [6,7,18-21].  Twin boundary segregation of solute atoms further contributes to the obstruction of dislocation movements, and bulk specimens containing these boundaries show high yield strength [21-24].  Such segregated boundaries also lead to change in the magnitude of twin boundary mobility [4,6,7,19].  Solute atom that has a characteristic of low and high segregation energy tends to impart a high and low twin boundary mobility, respectively.  These results suggest that pre-induced twin boundaries with control on atomic scale can effectively improve mechanical properties and deformation mechanisms.  However, it needs to be noted that these previous studies are conducted at low or quasi-static strain rates.  
The density of activated dislocation is closely related to strain rate, i.e.,   , where  is the dislocation density and  is the strain rate.  In addition, crystal plasticity analysis specifies that CRSS for dislocation slips increases with strain rate [25].  Since the interface between matrix and twin boundaries become the crack propagation site, mechanical properties (e.g., ductility) is assumed to be influenced by the strain rate.  Recent studies have shown the effect of pre-induced twin boundaries on dynamic compressive responses [26].  It is also important to understand the “tensile response”, because of symmetric mechanical behavior in the wrought-processed Mg and its alloys.  Nevertheless, to the best of our knowledge, there have been no studies on “tensile response” at high strain rates using twin-induced Mg alloys, owing to facility limitation.  Therefore, in this study, we have examined the mechanical response in wide strain rate regimes from 10-5 /s to 100 /s using wrought-processed Mg alloy, i.e., Mg-3Al-1Zn (AZ31) alloy.  The reasons for selecting AZ31 alloy, which is recognized as the most common Mg alloy, is that it can be readily compared with mechanical properties and deformation behavior reported in previous literatures.  We have considered the effect of twin boundary segregation behavior on tensile plastic deformation mechanism in twin-induced Mg specimens, compared with conventional microstructural Mg specimens which have the same average grain size and no pre-induced twin boundaries.  


2. Experimental procedures
A commercial extruded rod of AZ31 Mg alloy (2.98wt.%Al-0.93wt.%Zn-0.38wt.%Mn, where atomic % is estimated to be 2.7at.%Al-0.35at.%Zn-0.17at.%Mn) with a diameter of 10 mm was used in this study.  As-received alloy was annealed at a temperature of 723 K for 24 hours to obtain a coarse-grained structure (an average grain size above 30 m), hereafter referred to as the annealed specimen.  Note that this annealing condition is the same as that in our previous study [27].  The annealed alloy rod (= annealed specimen) with a length of 40 mm was compressed at room-temperature along the extrusion direction to induce {} twins.  The compressive strain rate and magnitude of compressive strain were 1  10-4 /s and 0.05, respectively, hereafter denoted as the twin-induced specimen.  Subsequently, some of the twin-induced specimens were annealed at 423 K for 150 min to segregate the alloying element at the twin boundaries, hereafter denoted as the twin-segregated specimen.  Microstructures of these specimens were observed by electron backscattered diffraction (EBSD) with accompanying field emission scanning electron microscopy (FE-SEM, JEOL JSM 7000F) at acceleration voltage of 16 kV.  The observed plane in all the specimens is parallel to the extrusion direction, and the scanning step size was 0.5 m.  Specimens for EBSD observation were prepared by conventional polishing with diamond suspensions of 9 m and 3 m and alumina suspension to obtain a mirror surface, and then by chemical etching using an acidic solution (10 mL of HNO3, 30 mL of acetic acid, 40 mL of H2O and 120 mL of ethanol) for 5 to 10 sec.  Twin boundary segregation was confirmed by transmission electron microscopy (TEM, JEOL JEM-ARM200F).  Specimens for TEM observation were prepared by focused ion beam (FIB, JEOL JIB-4501) by picking-up from specific regions.  
Mechanical properties of these three types of specimens (annealed, twin-induced and twin-segregated specimens) were evaluated by room-temperature tensile test at various initial strain rates from 1  10-5 /s to 100 /s.  The tensile direction was parallel to the extrusion direction.  Specimens with a gauge length, L, of 10 mm and a diameter, , of 2.5 mm for the tensile test at low and quasi-static strain rates (up to 1  10-1 /s) and specimens with L = 5 mm and  = 3 mm for the tensile test at high strain rates (above 1 /s) were prepared by machining.  Tensile test in each condition was conducted at least twice.  Fracture surfaces after the tensile test conducted at strain rates of 1  10-4 /s and 100 /s were observed by the FE-SEM at acceleration voltage of 15 kV.  Deformed microstructures in the vicinity of rupture after the tensile test conducted under specific conditions were observed by optical microscopy, EBSD and TEM (JEOL, JSM2800).  Scanning step size of deformed microstructural observation was set to 50 nm to identify type of twins.  Specimens for EBSD observation after tensile deformation were prepared using the same procedure as for the initial microstructural observation described above.  The results obtained from EBSD observations were analyzed using OIM analysis software (EDAX/TSL ver. 7).  TEM specimens for deformed microstructural observations were also prepared by FIB technique.


3. Results 
Microstructures before tensile tests in three conditions of the alloy are shown in Fig. 1.  The corresponding pole figures obtained from EBSD observations are provided below each figure.  In Fig. 1(a), the annealed specimen has an average grain size of 38.7 m and does not include deformation twins.  This specimen is confirmed to have a typical extruded basal texture: most grains are aligned in the extrusion direction.  In contrast, Figs. 1(b) and 1(c) appear to show the presence of deformation twins.  All pre-induced twins are identified as {} twins, and the boundary length fraction of ftwin is measured to be 0.28 and 0.26 for the twin-induced specimen and twin-segregated specimen, respectively.  Comparing these images, both specimens have similar twin boundary morphologies, such as their shape and width as well as length fraction.  The present annealing condition (at 423 K for 150 min) do not lead to occurrence of “macroscopic evolution” of twin boundaries, which is the same trend as that observed in our previous study [6].  As for texture, these two specimens with pre-induced twin boundaries are different from the annealed specimen.  Some grains are oriented in the transverse direction, because {} twins play a role in crystal rotation of 86 around the <c>-axis.  The maximum texture intensity of the twin-segregated specimen is approximately 20 % lower than that of the twin-induced specimen, associated with subsequent annealing process.  The results of residual strain measurement in twin-induced and twin-segregated specimens are provided in Supplementary file Fig. S1.  This figure appears to show that the annealing process leads to reduced residual strains.  The trend for decreasing texture intensity through static annealing is confirmed in the extruded Mg alloys [28].
Figure 2 provides the microstructural feature in the vicinity of twin boundaries in the twin-segregated specimen.  Figure 2(a) shows a high-angle annular dark field (HAADF) image and an energy-dispersive spectroscopy (EDS) profile in Fig. 2(b).  A bright contrast at this boundary in Fig. 2(a) suggests segregation of Al and/or Zn atoms to twin boundaries.  It is noted that more than ten boundaries are observed and all of them show segregation behavior.  Average chemical concentration by the point measurement is 4.42.1 at.% Al and 1.20.7 at.% Zn.  Twin boundary segregation of solute elements has been observed in the Mg-Al-Zn system alloys that are conducted at the annealing temperature of 523 K with holding times up to 5,000 sec [19].  Subsequent static annealing brings about the “microscopic change” of twin boundaries.
Some of nominal stress vs. strain curves in room-temperature tensile test for the three types of specimens are shown in Fig. 3.  Other curves are provided in Supplementary file Fig. S2, and mechanical properties of these specimens are summarized in Table 1.  In the annealed specimen (Fig. 3(a)), flow stress and yield strength increase with strain rate; nevertheless, the strain rate is unlikely to affect the elongation-to-failure in tension (mostly between 15 % and 20 %).  The mechanical response in Figs. 3(b) and 3(c) is completely different from that in the annealed specimen.  A large strain hardening occurs after yielding in both specimens, regardless of the strain rate.  These concave curves are well-observed, when wrought-processed Mg and its alloys are compressed along the processing direction at room- and intermediated-temperatures [29,30].  This is due to the formation of {} deformation twins during compression tests.  However, deformation twins are induced in these specimens before the tensile tests in this study (Figs. 1(b) and 1(c)); that is, additional deformation twins are difficult to form from a crystallographic perspective.  Previous literatures have pointed out that such mechanical response resulted from detwinning behavior [8-12].  This deformation behavior is supported by the results of deformed microstructural observations using the twin-induced specimen subjected to tensile strains of 0.03 and 0.06, as provided in Supplementary file Fig. S3.  In these EBSD images, the length fraction (ftwin = 0.10 at magnitude of  = 0.03 and ftwin = 0.06 at  = 0.06, respectively) decreases with the progression of the tensile test.  Returning to the mechanical response in Figs. 3(b) and 3(c), the detwinning behavior causes a large strain hardening after yielding in both specimens, because the mobile twin boundaries associated with twin boundary shrinkage strongly interact with dislocations.  Note that, in our previous results using a coarse-grained Mg alloy (average grain size of > 50 m), non-basal dislocation slip activity was observed in such large strain hardening regimes even in room-temperature compression tests [31].  
Stress vs. strain curves in Figs. 3(b) and 3(c) also show the effect of twin boundary segregation.  The twin-segregated specimen has a higher yield strength at all the present strain rate regimens.  This point will be discussed in later section.  At low and quasi-static strain rates, it is found that this specimen tends to have a smaller strain hardening as compared to those of the twin-induced specimen, which resulted from residual strains/dislocations in the matrix.  Since subsequent annealing is conducted to prepare the twin-segregated specimen (segregating solute atoms at twin boundaries), the density of such residual strains/dislocations in this specimen is lower than that in the twin-induced specimen, as shown in Fig. S1.  This trend is supported by another study focusing on internal friction using Mg alloys containing pre-induced twin boundaries [6,7].  The subsequent annealing process is effective in enhancing damping capacity, because induced dislocations during the damping test are not prevented by obstructions such as residual dislocations.  
[bookmark: _Hlk151630196]Deformed microstructures in the vicinity of rupture in the twin-induced and twin-segregated specimens are shown in Figs. 4 and 5.  The tensile direction in all images is horizontal.  Figure 4 are the low-magnification optical microscopy images obtained to clarify the entire microstructural feature.  All of these images are similar, and deformation twin-like feature is confirmed everywhere with high density in both specimens, irrespective of strain rate (strain rate of 10-3 /s vs. 100 /s).  Figure 5 provides a magnified image quality map acquired with a fine scanning step, to identify these deformed features.  In this figure, the tensile strain rate is 100 /s.  Even though {} twins once disappeared (or significantly reduced) owing to the detwinning behavior as shown in Fig. S3, it is interesting to notice that the {} twins again exist in the rupture region.  In addition to {} twins, {} twins and {}-{} double twins are confirmed in twin-induced and twin segregated specimens.  Especially, the types of {} and {} twins depend on both the stress application direction with respect to the <c>-axis and the magnitude of applied stresses.  Since grains in these specimens are not aligned in a single direction, as shown in Figs. 1(b) and 1(c), the <c>-axis can be subjected to stress from various directions.  Furthermore, a large magnitude of stress approximately 300 MPa can be applied to the specimens due to the non-occurrence of early fracture.  In order to support these results, Fig. 6 shows further microscopic deformation features taken by scanning-TEM mode.  EBSD method is not favorable for observation in severe strain region; while, similar to the analyzed results (Fig. 5), diffraction patterns reveal the presence of {} twins, {} twins and {}-{} double twins.  Hence, these specimens have unique deformed microstructural characteristics of {} twins that once disappeared (or reduced) during plastic deformation.  Nevertheless, these observed types of twins are found to be closely related to the origin of fracture, which is the same as those in general Mg and its alloys [32,33].  
Fracture surface features observed by SEM after the tensile test at low and high strain rates of 1  10-4 /s and 100 /s are shown in Fig. 7.  Some of the intergranular fractures owing to the existence of deformation twins, marked by white arrows, are confirmed in the annealed specimen (Figs. 7(a) and 7(d)), but most of the fracture features are dimple formation.  Such a ductile fracture is observed in cryogenic-temperature tensile tested Mg alloys having coarse- and meso-grained structures, because of the basal as well as the non-basal dislocation slips [27].  In the other two specimens including pre-induced twin boundaries, they also display dimple patterns.  Twin boundaries disappear once owing to the detwinning behavior, but a residual strain gradient exists in the vicinity of disappeared or shrunk twin boundaries [12,34].  In addition, low-angle grain boundaries are observed to be formed on the Mg-Al-Zn alloys associated with twinning mobility [35].  Low-angle grain boundary formation is due to dislocations having a large misfit strain preferably at original location.  As a result, such a region where twins originally existed becomes the embryo for dimple formation associated with the interaction between activated high amounts of dislocations.  In Figs. 7(e) and 7(f), it is also interesting to notice that the twin-induced specimen and twin-segregated specimen show similar fractural features even for deformation at high strain rate.  This suggests that the segregation of solute atoms to twin boundaries is unlikely to affect the fracture mechanism, irrespective of the tensile strain rate.


4. Discussion
4.1 Deformation mechanism in a wide range of strain rate
The annealed specimen has low strain rate dependence on flow stress, but the specimens containing pre-induced twin boundaries show no trend, as provided in Figs. 3 and S2.  To discuss this point, variation in yield stress as a function of strain rate is shown in Fig. 8.  This figure includes previous results regarding the strain rate dependence in AZ31 alloys [36-43].  The open symbols with solid lines are obtained from tensile tests and the solid symbols with dashed lines are compression tests.  The thermally activated mechanism of plasticity is quantitatively expressed by the activation volume, V*, as follows [44]:
V* =    (1)
where k is Boltzmann’s constant and T is the temperature.  This value is closely related to a major plastic deformation, and the activation volume normalized to Burger’s vector is calculated to be approximately 50b3 (where b is 3.21  10-10 m in Mg [45]) at the present strain rate regimens.  This activation volume of ~50b3 suggests that dislocation slips is the rate-controlling mechanism.  It is well-accepted that grain boundaries affect the deformation mechanism in Mg metals.  For instance, in Mg-Mn and Mg-Li binary alloys, segregation of each solute atom to grain boundaries show room-temperature grain boundary sliding [46,47].  They have large strain rate sensitivities (converting to V* = ~10b3) [46].  On the contrary, in the Mg-Al binary alloys, grain boundaries which are segregated by Al atom do not have a significant effect that promotes grain boundary sliding, as compared with the former mentioned binary alloys [48].  Apart from this behavior, grain boundary compatibility brings about non-basal dislocation slips even at ambient-temperature [49].  The activation volumes of ~30b3 and ~50b3 are reported to be attained for the fine-grained and coarse-grained Mg alloys, respectively, in nano-indentation tests at strain rates between 10-2 /s and 150 /s [50].  Traces of cross-slip are also observed beneath the indentation after dynamic indentation tests at strain rates of ~100 /s [51].  Using single-crystalline HCP metal, Courest et al. have captured that prismatic glide occurs at room-temperature during in-situ TEM observations, and the activation volume has been determined to be 15b3 to 42b3 [52].  These results are found to support well that the major deformation is due to dislocation slips including cross-slip in the annealed specimen.  It is noted that most of the previous data obtained by tensile tests [36-41] have a slope in double logarithm plots, in Fig. 8.  Although the magnitude of the slope at dynamic strain rates (greater than 1,000 /s) becomes large, they are in very good agreement with our present results at strain rates from 10-5 /s to 100 /s.  
On the other hand, Fig. 8 and Table 1 indicate that yield stress does not depend on strain rate in the other two specimens (twin-induced specimen and twin-segregated specimen).  Yield stress in compression, as plotted in solid symbols, also shows its independence from strain rate [36-38,42,43], which is applicable to those in the present specimens.  This has resulted from the fact that twin boundary mobility is an athermal process [53].  As for considering the impact of twin boundary segregation, these two specimens do not exhibit strain rate dependence; while, the twin-segregated specimen has a higher yield stress than that of twin-induced specimen.  A greater force is necessary to overcome these specific boundaries.  Some of studies using Mg alloys have reported that twin boundaries with segregation of solute elements play a role in increasing the strength and hardness [21-24].  Nano-dynamic mechanical analysis combined with the indentation has also shown that such twin boundaries segregated with solute atoms cause the reduction in damping capacity, because the solute atoms existing at boundaries obstruct twin boundary motion [7].  The capability to inhibit dislocation movement is affected by the type of solute element; however, segregated twin boundaries appear to contribute to enhancing the strength. 
In Fig. 8, it can be seen that yield stress can vary considerably even when focusing on the same Mg alloys.  The specimens containing pre-induced twin boundaries tend to have lower yield stress as compared with those obtained from tensile tests of just annealed specimens.  This is due to the difference in major deformation mode: dislocation slip or twinning, which is applicable for tension/compression anisotropy of wrought-processed Mg alloys.  Considering only the deformation mode of twinning, the stress level of the present alloy specimen falls between the alloys cited in reference [42] and [38].  Such differences result simply from the grain size.  

4.2 Effect of induced twin boundaries containing with/without segregation on ductility
Ductility will be considered next.  As mentioned above, {102} twin boundary in Mg and its alloys is well-known to be a harmful for mechanical properties, because of being a crack propagation route [33,54,55].  On the other hand, Fig. 3 and Table 1 interestingly reveal that the failure-to-strain in tension of two types of specimens (twin-induced and twin-segregated specimens) is unlikely to be lower than that of the annealed specimen.  These two types of specimens containing pre-induced twin boundaries do not have a strong basal texture, as shown in Figs. 1(b) and 1(c).  Instead of forming the well-known basal texture, both the basal and non-basal planes are inclined with respect to the tensile direction, due to the existence of pre-induced {102} twins.  Under such conditions, these specimens are assumed to have several types of active slip system during tensile deformation.  It is well-recognized that an equal-channel-angular extruded (ECAE-ed) Mg alloy shows a large elongation-to-failure in tension of more than 50 % [56].  This results from the basal plane (as well as non-basal plane) tilting at 45 to the tensile direction, which is an ideal crystallographic orientation for slip.  Indeed, average Schmid factors in the ECAE-ed alloy are measured by EBSD analysis to be 0.35 and 0.38 for the basal and prismatic planes, respectively; incidentally, the values of these planes in the extruded alloy are 0.10 and 0.40 [57].  Although this unique processed Mg alloy does not include deformation twins before the tensile test, a large strain hardening occurs after yielding, due to the interactions between basal and non-basal dislocation slips.  Average Schmid factors using the EBSD results are obtained to be 0.21 for the basal plane and 0.25 for the prismatic plane, respectively, in our specimens having pre-induced twin boundaries.  Note that distributions in Schmid factor of these planes are shown in Supplementary file in Fig. S4.  The Schmid factors of both planes in the current specimens are lower than the ECAE-ed alloy, but there are two peaks of ~0.1 and ~0.4 in the distribution for the prismatic plane.  Non-basal dislocation slips are assumed to occur in specific grains having a high Schmid factor of prismatic plane.  Therefore, a controlled texture (inclining basal and non-basal planes) through introduction of {102} twins before tensile/compression tests leads to enhanced non-basal dislocation slips.  As a consequence, they contribute to continuous plastic deformation at strain rates from 10-5 /s to 100 /s.
Finally, the impact of twin boundary segregation on ductility will be discussed.  Our previous studies have reported that crack propagation behavior is changed by the type of solute atoms which are segregated to {} twin boundaries [58].  In the Mg-Al binary alloy, cracks still tend to propagate along the interface segregated twin boundaries.  This suggests that segregation of Al atoms to twin boundaries is unfavorable for enhancing ductility.  However, in the current study, it is worth saying that the ductility of twin-segregated specimen is similar or superior to that of twin-induced specimen.  In addition, the twin-segregated specimen shows higher yield strength as compared to that of non-segregated specimen.  Although segregation behavior generally holds a negative impression for the metallic materials, twin boundary segregation with controlling type of solute atom has a great possibility to improve mechanical properties in Mg alloys.


5. Summary and conclusions  
The effect of twin boundaries due to the segregation of solute atoms on room-temperature mechanical properties in wide strain rate regimes of 10-5 /s to 100 /s was examined using AZ31 alloys.  Microstructural observations showed that static annealing at 423 K for 150 min caused the segregation of solute atoms to {102} twin boundaries.  The macroscopic features for twinning, e.g., volume fraction and shape, did not change under such an annealing condition.  The results acquired from tensile tests revealed that a large strain hardening occurred after yielding regardless of the strain rates of 10-5 /s to 100 /s, due to twinning shrinkage.  This detwinning behavior is an athermal process; thus, yield stress is unlikely to depend on strain rate in the specimens containing pre-induced twin boundaries.  The specimens which had segregated twin boundaries showed a higher yield strength as compared to those in the specimens with non-segregated twin boundaries.  {102} twin boundaries disappeared or reduced with progress of deformation, while the origin of fracture in these specimens was related to deformation twins, i.e., newly formed several types of twins.
Deformation twin boundaries are viewed as an unfavorable feature of microstructure for enhancing ductility and toughness in Mg and its alloys.  Nevertheless, results acquired from the present study appear to overturn such an impression.  In particular, the elongation-to-failure and absorption energy (enclosed area in stress vs. strain curve) of twin-segregated specimens are 20 % and 50 %, respectively, larger than those of the just annealed specimens.  Control of twin boundary structure in atomistic orders can open the door to improve mechanical properties and to obtain new properties.  
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Captions

Figures
Fig. 1: Inverse pole figure images taken by EBSD and corresponding pole figure: (a) annealed specimen, (b) twin-induced specimen and (c) twin-segregated specimen.  The values of right-side top in Figs. (b) and (c) are the length fraction of twin boundary measured by OIM analysis.  ED and TD indicate the extrusion- and transverse-directions.

Fig. 2: Microstructures of Mg alloy containing pre-induced twin boundaries: (a) HAADF image of twin-segregated specimen and (b) EDS profile.

Fig. 3: Nominal stress vs. strain curves obtained from room-temperature tensile testing for (a) annealed specimen, (b) twin-induced specimen and (c) twin-segregated specimen.  Note that stress vs. strain curves in other conditions are provided in supplementary file.

Fig. 4: Deformed microstructures taken by optical microscopy in vicinity of rupture after tensile testing at strain rates of (a) 10-3 /s and (c) 100 /s for twin-induced specimen and (b) 10-3 /s and (d) 100 /s for twin-segregated specimen.  

Fig. 5: Image quality maps in vicinity of rupture at tensile strain rate of 100 /s for (a) twin-induced specimen and (b) twin-segregated specimen.  Where white, yellow and black arrows indicate {102} twins, {101} twins and double twins, respectively. 

Fig. 6: Scanning TEM bright field image in the vicinity of rupture at tensile strain rate of 100 /s for twin-segregated specimen.  The corresponding diffraction patterns are inset.  0001M is matrix basal plane, 0001T2 is {101} type twin of matrix, 0001T2 is multiple twins of matrix and 0001T is {102} type twin of T1.  

Fig. 7: SEM images of fracture surface for (a), (d) annealed specimen, (b), (e) twin-induced specimen and (c), (f) twin-segregated specimen.  Where (a-c) quasi-static strain rate and (d-f) high strain rate are 1  10-4 /s and 100 /s, respectively.

Fig. 8: The variation in yield strength as a function of strain rate in wrought-processed AZ31 alloys.  This figure includes previous results obtained from tensile tests (open symbols) and compression tests (solid symbols) [36-43].  The symbol, d, in the right side is the average grain size, and this value in Ref. [40] is estimated from the reported microstructures.


Table 
Table 1: The mechanical properties obtained from tensile tests for three types of specimens.




Table 1: The mechanical properties obtained from tensile tests for three types of specimens.
	 /s
	annealed alloy
	twin-induced alloy
	twin-segregated alloy

	
	ys, MPa
	, %
	ys, MPa
	, %
	ys, MPa
	, %

	100
	235
	16.8
	105
	21.2
	138
	22.3

	10
	225
	18.2
	100
	21.9
	135
	21.8

	1
	220
	21.6
	102
	21.2
	136
	21.3

	110-1
	217
	19.0
	100
	15.6
	135
	15.3

	110-2
	204
	16.0
	102
	13.9
	135
	17.0

	110-3
	195
	17.4
	103
	15.9
	132
	18.6

	110-4
	183
	11.5
	100
	15.5
	130
	19.5

	110-5
	176
	13.9
	100
	18.6
	131
	25.9


where  is the tensile strain rate, ys is the yield strength and  is the elongation-to-failure in tension.
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Fig. 1: Inverse pole figure images taken by EBSD and corresponding pole figure: (a) annealed specimen, (b) twin-induced specimen and (c) twin-segregated specimen.  The values of right-side top in Figs. (b) and (c) are the length fraction of twin boundary measured by OIM analysis.  ED and TD indicate the extrusion- and transverse-directions.
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Fig. 2: Microstructures of Mg alloy containing pre-induced twin boundaries: (a) HAADF image of twin-segregated specimen and (b) EDS profile.
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Fig. 3: Nominal stress vs. strain curves obtained from room-temperature tensile testing for (a) annealed specimen, (b) twin-induced specimen and (c) twin-segregated specimen.  Note that stress vs. strain curves in other conditions are provided in supplementary file.
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Fig. 4: Deformed microstructures taken by optical microscopy in vicinity of rupture after tensile testing at strain rates of (a) 10-3 /s and (c) 100 /s for twin-induced specimen and (b) 10-3 /s and (d) 100 /s for twin-segregated specimen.  
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Fig. 5: Image quality maps in vicinity of rupture at tensile strain rate of 100 /s for (a) twin-induced specimen and (b) twin-segregated specimen.  Where white, yellow and black arrows indicate {102} twins, {101} twins and double twins, respectively. 
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Fig. 6: Scanning TEM bright field image in the vicinity of rupture at tensile strain rate of 100 /s for twin-segregated specimen.  The corresponding diffraction patterns are inset.  0001M is matrix basal plane, 0001T2 is {101} type twin of matrix, 0001T2 is multiple twins of matrix and 0001T is {102} type twin of T1.  
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Fig. 7: SEM images of fracture surface for (a), (d) annealed specimen, (b), (e) twin-induced specimen and (c), (f) twin-segregated specimen.  Where (a-c) quasi-static strain rate and (d-f) high strain rate are 1  10-4 /s and 100 /s, respectively.
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[bookmark: _GoBack]Fig. 8: The variation in yield strength as a function of strain rate in wrought-processed AZ31 alloys.  This figure includes previous results obtained from tensile tests (open symbols) and compression tests (solid symbols) [36-43].  The symbol, d, in the right side is the average grain size, and this value in Ref. [40] is estimated from the reported microstructures.
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