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Excellent room temperature 
deformability in high strain rate 
regimes of magnesium alloy
Hidetoshi Somekawa, Alok Singh, Ryoji Sahara & Tadanobu Inoue

Magnesium and its alloys have the lowest density among structural metallic materials; thus, this light-
weight metal has great potential for reducing the weight, for example, of vehicles and trains. However, 
due to its crystal structure, deformability is poor; in particular, under compressive stress. In this study, 
we modified magnesium with bismuth as an alloying element, which has the characteristics of being 
likely to form precipitates instead of grain boundary segregation. The Mg-Bi binary alloy showed 
excellent deformability and high absorption of energy in high-strain rate regimes at room temperature 
via contribution of grain boundary sliding. These properties, which are closely comparable to those of 
conventional middle-strength aluminum alloys (Al-Mg and Al-Mg-Si series alloys), have never been 
observed before in magnesium alloys. The development of such properties opens the door for not only 
academic but also industrial research in magnesium.

When the weight of a vehicle is reduced by 100 kg, fuel consumption is estimated to improve by about 0.9 km/L1,  
making the use of light-weight material necessary from an ecological point of view. Magnesium has a low den-
sity of 1.74 g/cm3, which is much lower than that of conventional structural metallic materials, such as alumi-
num (2.70 g/cm3) and steel (7.87 g/cm3); thus, magnesium and its alloys are recognized as the next generation of 
light-weight metallic materials. Nevertheless, the application of magnesium and its alloys as structural parts is still 
limited, primarily because of poor deformability at room-temperature ranges. Shear fracture readily occurs at the 
beginning of plastic deformation, particularly under compressive stress. The deformation modes of magnesium 
and its alloys at room-temperature are dislocation slips on basal and prismatic planes as well as deformation twin-
ning2,3. Although these deformation modes are controlled by the alloying elements and/or material processing, it 
has not still been obtained an effective method yet.

In addition to dislocation slips and deformation twinning, grain boundary sliding (GBS) is another com-
mon deformation mechanism, which leads to large elongation-to-failure and is observed at elevated tempera-
ture (more than approximately 0.5 Tm, where Tm is the melting point) due to accommodation process including 
diffusion4. Here, it is really noticed that a reduction in temperature for occurrence of GBS is helpful to solve the 
problems of magnesium and its alloys. Interestingly, several studies have revealed that magnesium and some of its 
alloys exhibit room-temperature GBS, which can partially contribute to deformation5–14. Our recent studies have 
systematically investigated the effect of alloying elements on elongation-to-failure in tension at room-temperature 
using many different magnesium binary alloys10. Although most alloying elements play a role in preventing 
room-temperature GBS, two elements, viz., manganese and lithium, are likely to increase the contribution of 
GBS to deformation. In the quasi-static and low-strain rate regimes, a fine-grained Mg-Mn alloy exhibits rea-
sonably good elongation-to-failure in tension and an accordion-like deformation in compression without any 
fractures10,15, which have never been observed in magnesium and its alloys.

However, two subjects need further evaluation for use as structural parts, such as in vehicles and trains; grain 
boundary segregation control and deformation rate/speed improvement. In the former case, most of the alloy-
ing elements, including manganese, segregate at grain boundaries via thermomechanical processes10; however, 
sites of grain boundary segregation by solute elements become favored as the origin of fractures and/or the 
crack-propagation with progressive plastic deformation. As for magnesium alloys, most solute elements are rec-
ognized to attribute not as grain boundary strengthening element but as grain boundary embrittlement element16. 
Grain boundary segregation is assumed to be an unsuitable method to further improve deformability. In the latter 
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case, the strain rates and/or deformation speeds in all of the previous studies are in the quasi-static or low-strain 
rate regimes10,15. From the viewpoint of satisfaction with reliability and safety over a wide range of applications, 
it is necessary to improve such properties at not only quasi-static but also high-strain rate regimes. In this study, 
we achieved these points with an alloying element, which is unlikely to segregate at grain boundaries but plays 
a role in enhancing room-temperature GBS; especially the absorption energy is close to that of conventional 
middle-strength aluminum alloys.

Results
Deformability and absorption energy at high-strain rate regime. Nominal stress vs. nominal strain 
curves in the specific alloys and pure magnesium at a strain rate of 1 × 10−1/s obtained from compression tests 
are shown in Fig. 1(a). The stress vs. strain curves in all of materials are shown in Fig. S1(a). Figure 1(b) is the 
appearance of some of the magnesium alloys after compression tests. The stress vs. strain behavior clearly changes 
from alloy to alloy. A large strain hardening occurs after yielding, and then a rapid drop in load is observed in 
most of the alloys. The failure of conventional magnesium alloy (Mg-3mass%Al-1mass%Zn; AZ31), due to shear 
fracture as shown in Fig. 1(b), occurs at a nominal strain of less than 0.2. On the other hand, the Mg-Bi and 
Mg-Mn alloys are better deformability as compared to those of the commercial magnesium alloys. In particular, 
the ultra-fine-grained Mg-Bi alloy shows a constant stress, i.e., a plateau region, in compensation for such large 
strain hardening. In addition, it is difficult to make this Mg-Bi alloy fail or fracture, even up to a nominal strain 
of 0.6, i.e., good deformability at high-strain rate regime. The specimen after compression test is found to be bar-
reled-shaped without any cracks, as observed in Fig. 1(b). The region enclosed by the stress vs. strain curve has a 
close relation to the absorption energy against fracture; to put the matter simply, the alloy with larger area under 
the curve exhibits a better ability to absorb energy before fracture. The absorption energy, F, is generally obtained 
from following equation;

∫= σ ε ε
ε

F ( )d (1)0

fail

Figure 1. The results of mechanical properties for magnesium and its alloys at room temperature; (a) nominal 
stress vs. nominal strain curves at strain rate of 1 × 10−1/s obtained from compression tests, (b) appearance in 
specific magnesium alloy after the compression tests. Figure (a) includes the results of conventional middle-
strength aluminum alloys (Al-Mg and Al-Mg-Si system alloys).
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where εfail is the strain at failure. The absorption energy for AZ31 alloy is defined as 1 for ease of comparison. 
Figure 1(a) indicates that the ultra-fine-grained Mg-Bi alloy has at least 5.6 times higher absorption energy than 
that of AZ31 alloy. The comparison of absorption energy in the other alloys is summarized in Table S1. Stress vs. 
strain curves in the commercial extruded middle-strength aluminum alloys, i.e., A5053 and A6063 alloys, are 
included in this figure. The absorption energy of the ultra-fine-grained Mg-Bi alloy is close to that of these alu-
minum alloys, even in the high-strain rate regime. These results clearly reveal that the Mg-Bi alloy has excellent 
characteristics, i.e., large deformability and high absorption energy against fracture.

Microstructures. The initial microstructures of the ultra-fine-grained Mg-Bi alloy extruded at 383 K are 
shown in Fig. 2 for (a) inverse pole figure image observed by electron back-scattering diffraction (EBSD), (b) 

Figure 2. Initial microstructures of the ultra-fine-grained Mg-Bi alloy for (a) inverse pole figure image 
observed by EBSD method, (b) annular dark field (ADF) image taken by scanning transmission electron 
microscope (STEM), (c) STEM image containing a grain boundary and an EDX line-profile across it and (d) a 
lattice image of a grain showing its boundary by HREM (high resolution electron microscopy). TD and ED in 
Fig. (a) are transverse-direction and extrusion-direction, respectively.
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annular dark field (ADF) image taken by transmission electron microscopy (TEM) and (c) a large magnifica-
tion ADF image with energy-dispersive X-ray (EDX) line-profile across grain boundary. The microstructures 
of the other alloys are shown in Figs S2 and S3. Figure 2(a) shows that the ultra-fine-grained Mg-Bi alloy has 
recrystallized structures without any deformed microstructures, such as deformation twinning. The average grain 
size is obtained to be approximately 1 μm from the EBSD analysis software. The inverse pole figure from normal 
direction inset in Fig. 2(a) shows that this alloy also consists of a strong basal texture, i.e., the basal planes are 
parallel to the extrusion direction, because of production by hot extrusion. This basal texture is confirmed in 
the other binary alloys10 and is well-observed in most of the wrought processed magnesium alloys17. The images 
taken by TEM indicate that numerous precipitates of Mg3Bi2 are dispersed throughout the matrix (Fig. 2(b)). 
Figure 2(c) shows a grain boundary; the results of the EDX line-profile analysis indicate that bismuth element is 
unlikely to segregate at grain boundaries. In addition, Fig. 2(d) reveals the vicinity of grain boundaries observed 
by high-resolution electron microscopy (HREM). This alloy is found to have a clear/sharp grain boundary struc-
ture, i.e., the equilibrium grain boundary.

These microstructural features of the Mg-Bi alloy are different from those of other magnesium binary alloys. 
Grain boundary segregation is confirmed in most of wrought processed magnesium binary alloys, e.g., Mg-Ag, 
Mg-Ca, Mg-Mn, Mg-Sn, Mg-Zn and Mg-rare earth alloys10,18–22. In addition, when the chemical composition 
of the alloying element is 0.3 at.% in binary alloys (Mg-X alloy; where X = Al, Ag, Ca, Li, Mn, Pb, Sn, Y or Zn), 
precipitation is difficult to observe in the matrix even after thermomechanical processing23. Non existence of pre-
cipitates are due to the fact that the chemical composition of 0.3 at.% is much lower than the maximum solubility 
of the elements in magnesium24. In comparison with the other magnesium binary alloys, the Mg-Bi alloy has 
dispersed precipitates without any grain boundary segregation.

Effect of alloying element on energetic feature. The reasons for these microstructural features in the 
Mg-Bi alloy are considered using numerical analysis. Grain boundary segregation energies of each alloying model 
are summarized in Fig. 3(a). The dependence of solute atom position on grain boundary segregation energies 
obtained from numerical analysis is provided in Fig. S4. In Fig. 3(a), all of the alloying atoms are found to have 
negative segregation energy values. This result indicates that solute atoms existing at grain boundaries are more 
stable as compared to those dispersed within the matrix. Except for the Mg-Bi model, the tendency for grain 
boundary segregation is consistent with the experimental results, observed by several microstructural methods, 

Figure 3. (a) grain boundary segregation energy and cohesive energy in each alloying models obtained from 
numerical analysis and (b) results of X-ray diffraction in the two kinds of Mg-Bi alloys, i.e., the annealed and 
before extruded Mg-Bi alloys. The values in parentheses in Fig. (a) are maximum solubility into magnesium24.
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such as Z-contrast and three dimensional atom probe, as mentioned above. Figure 3(a) also includes the cohesive 
energies for crystalline alloy structures without any defects. Some of the models, i.e., the Mg-Mn, Mg-Al and 
Mg-Ca models, have positive energy values, but the other models have negative values. The positive and negative 
values indicate that solute atoms prefer to reside in the bulk structure and favor clustering, respectively. In the 
Mg-Bi model, it is interestingly noted that both grain boundary segregation energy and cohesive energy tend to 
have negative values. These results suggest that bismuth atoms are likely not only to segregate at grain boundaries 
but also to cluster, i.e., to form particles; however, Fig. 2(b),(c) show no grain boundary segregation. This is mainly 
related to the material processing; that is to say, the billet was kept in the furnace at the extrusion temperature 
before extrusion, as provided by preparation procedure in Fig. 4.

Figure 3(b) is X-ray diffraction (XRD) peaks of some of the Mg-Bi alloys, where the XRD measured samples 
are marked in Fig. 4. All of the peaks for the annealed Mg-Bi alloy before extruded billet preparation, correspond 
to the α-Mg phase; in contrast, the peaks for the alloy, which is un-extruded region marked by a black point inset 
right top-side in this figure, are confirmed to have both the α-Mg phase and the Mg3Bi2 phase. Thus, the precip-
itation particles form before the occurrence of grain boundary segregation. It is noted in Fig. 3(a) that silver and 
bismuth atoms have similar characteristics as alloying elements; nevertheless, the extruded Mg-Ag alloy show 
grain boundary segregation without any precipitation particles10. This results from the difference in solubility. 
While bismuth would like to segregate at grain boundaries, the solubility of bismuth into magnesium is a very low 
(close to zero) at the present extrusion temperatures of ~383–413 K24; as a result, most of the bismuth element, 
which exists in the matrix, form precipitates. An alternative solute element is assumed to have a characteristic, in 
which it i) is likely to segregate at grain boundary (=negative grain boundary segregation energy) and ii) has a 
low solubility at the thermomechanical processing temperature.

Discussion
The reason for attaining such excellent deformability and absorption energy in high-strain rate regimes of the 
Mg-Bi alloy is discussed, hereafter. The flow stress as a function of initial strain rate in compression tests is shown 
in Fig. 5(a). The flow stress is used in the nominal stress at the nominal strain of 0.025, as shown in Fig. S1. The 
flow stress is found to depend on the strain rate, and the slope of flow stress vs. strain rate corresponds to the 
strain rate sensitivity (m-value). This strain rate sensitivity well-reflects the plastic deformation mechanism in 
metallic materials25. When it is close to zero or is low, the dominant deformation mechanism is recognized as 
deformation twinning for m ≈ 0 and dislocation slip for m < 0.05 in HCP metals25,26. With an increase in this 
sensitivity (m-value), another deformation mechanism, i.e., GBS, is found to contribute to plastic deformation, 
irrespective of dislocation slips and deformation twinning. This figure shows that the strain rates in most mag-
nesium alloys do not affect the flow stress; in contrast, the Mg-Bi alloys clearly have strain rate dependence. The 
strain rate sensitivities, as measured by the least-squares method, in high-strain rate regimes of this alloy and 
in each strain rate for all of the materials are listed in Table 1 and S2, respectively. Most of the alloys show low 
strain rate sensitivities of less than 0.05, which indicate that the rate-controlling mechanism is dislocation slips or 
deformation twinning. On the other hand, particularly, ultra-fine-grained Mg-Bi alloy has the m-value of more 
than 0.1, suggesting contribution of GBS, at the strain rate regimes of 1 × 10−2 and 10−3/s. A scanning electron 
microscopy (SEM) image of the deformed surface in the strain rate of 1 × 10−2/s of the ultra-fine-grained Mg-Bi 
alloy is shown in Fig. 5(b). The longitudinal direction is compression direction. Many traces of GBS are apparently 
observed in this image. These deformed features are confirmed in room-temperature tensile tested pure magne-
sium8 and Mg-Mn alloy10.

The contribution of GBS to deformation is also supported by the effect of alloying elements on flow stress. 
Pure magnesium and binary alloys studied here have similar average grain sizes of ~3 μm; thus, most of the 
binary alloys show higher flow stress than that of pure magnesium, because of solid solution strengthening. 
Regardless of the alloying element additions, Mg-Bi and Mg-Mn alloys show lower flow stress, indicating few or 

Figure 4. Schematic illustration of preparation procedure for magnesium binary alloys.
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small contributions of dislocation slips to deformation. Hence, the excellent properties of the Mg-Bi alloy are due 
to the contribution of GBS, as is also the case for the Mg-Mn alloy.

In the Mg-Mn alloy, manganese element, which segregates at grain boundaries, plays an important role in 
enhancing GBS10,15. In the Mg-Bi alloy, although GBS also takes place despite the lack of grain boundary segrega-
tion, the Mg-Bi alloy is superior property. In ultra-fine-grained/fine-grained pure magnesium, GBS contributes 

Figure 5. The analysis in compression tests at room temperature (a) flow stress as a function of strain rate and 
(b) typical deformed surface observation of the ultra-fine-grained Mg-Bi alloy at strain rate of 1 × 10−2/s. The 
white arrow in Fig. (b) indicates the compression direction.

Text, K d, μm F m-value* m-value**
Mg-Bi ultra-fine grained 383 1.2 5.6 0.04 0.11

Mg-Bi fine grained 413 3.0 2.8 0.03 0.07

Mg-Mn ultra-fine grained 478 1.4 4.0 0.02 0.03

Pure Mg ultra-fine grained 378 1.4 2.9 <0.01 0.03

AZ31 fine grained 483 3.1 1.6 0.01 0.01

AZ31 commercial — 19.1 1.0 <0.01 <0.01

ZK60 fine grained 473 3.0 1.3 <0.01 <0.01

A6063 commercial — — 6.1 — —

A5052 commercial — — 6.0 — —

Table 1. List of extrusion temperature, average grain size and mechanical properties of the specific materials. 
where Text is the extrusion temperature, d is the average grain size and F indicates the absorption energy against 
fracture obtained from eq. (1) and defining 1.0 in the commercial AZ31 alloy. The symbols of * and ** in m-
values are obtained in strain rate ranges, 10−1–10−2 s−1 and 10−2–10−3 s−1, respectively.



www.nature.com/scientificreports/

7Scientific REPORTS |  (2018) 8:656  | DOI:10.1038/s41598-017-19124-w

to deformation without any grain boundary segregation8, as in the case of the Mg-Bi alloy. It is interestingly noted 
that, in the lower strain rate regimes, the flow stress of the Mg-Bi alloy is apparently lower than that of pure mag-
nesium, although they have similar average grain sizes. It has been pointed out that GBS is influenced by the grain 
boundary structures27–31. The alloys having high fraction of non-equilibrium grain boundary structures tend to 
show lower strain rate for GBS occurrence. This is because long-range stress associated with the non-equilibrium 
grain boundaries having atomistic leveled facets and steps affects dislocation movement, which is the accommo-
dation process of GBS. Such unique grain boundary structures have been confirmed in magnesium alloys pro-
duced by severe plastic deformation, e.g., equal-channel-angular extrusion, at relatively low temperature31,32. On 
the other hand, the microstructural observations, as shown in Fig. 2(c),(d), reveal that grain boundary character-
istics of the Mg-Bi alloy are equilibrium grain boundaries. This mainly results from the presence of precipitation 
particles, which promotes dynamic recrystallization. It is necessary to further investigate the reasons behind such 
properties and microstructural features; however, despite no grain boundary segregation, the existence in clear/
sharp grain boundaries, e.g., the formation of equilibrium grain boundary structures, is important for enhancing 
the deformability of magnesium and its alloys.

Methods
Experimental procedure. Fine-grained pure magnesium with a purity of 99.96 mass% and several fine-
grained Mg-0.3at.X% (X = Al, Bi, Mn, Y or Zn) binary alloys were used in this study. The chemical compositions 
of the major alloying element and some conventional impurities in these binary alloys, which are measured by 
inductively coupled plasma mass spectrometry, are listed in Table S3. The reasons for selecting these alloying ele-
ments and chemical composition are that aluminum and zinc are common elements in magnesium alloys33, such 
as in Mg-Al-Zn and Mg-Zn-Zr system alloys, and rare-earth elements including yttrium are known to enhance 
non-basal dislocation slip activities34,35. When the grain size is about 3 μm, a minimum composition is estimated 
to be ~0.15 at.% in order to cover alloying elements in the vicinity of grain boundaries.

All of the binary alloys were produced by casting, and were then annealed at the temperature of 773 K for 
2 hrs. These annealed alloys were extruded to control the average grain size to ~3 μm at various temperatures 
between 413 and 583 K in a rod-shape with a diameter of 8 mm (extrusion ratio of 25:1). Before extrusion, each 
billet was kept in the container for at least 1.8 ks at the extrusion temperature to reduce the differential temper-
ature between the billet and the container. The material preparation procedure of these binary alloys is shown 
in Fig. 4. Comparisons were made with several commercial magnesium alloys (Mg-3Al-1Zn (AZ31), Mg-6Zn-
0.5Zr (ZK60), Mg-6Al-0.5Mn (AM60) and Mg-4Y-3MM (WE43) alloys, in mass%) produced by extrusion. For 
some alloys, specifically Mg-Bi, Mg-Mn, AZ31 and ZK60 alloys, and pure magnesium, these materials with an 
ultra-fine-grained structure (~1 μm) and/or fine-grained structure (~3 μm) were also prepared by extrusion at a 
lower temperature. The extrusion temperatures and average grain sizes are summarized in Table S1.

The initial microstructures of pure magnesium and the alloys were observed by optical microscopy, 
EBSD, TEM (STEM) and HREM. The observations were made by optical microscopy and EBSD were the 
transverse-direction and the extrusion-direction for all of the materials. The samples for microstructural obser-
vations were prepared by mechanical polishing using SiC papers (#600, #800, #1200), diamond (6 and 1 μm) and 
alumina slurry, and then by chemical etching using an acidic-based solution. The samples for TEM and HREM 
observations were produced by thinning with an ion polishing system. The phases in two selected Mg-Bi alloys, as 
provided in Fig. 4, were identified by XRD using Cu-Kα radiation. One of these is the annealed alloy, i.e., before 
the extrusion billet preparation. The other is the non-severe plastic deformed region, as in the inset in Fig. 3(b).

The compression tests were carried out to investigate the deformability and the deformation mechanism at 
room-temperature. The initial strain rates were set to be 1 × 10−1, 10−2, 10−3, 10−4 and 10−5/s. The specimens 
were made by machining parallel to the extrusion direction, with a diameter of 4 mm and a height of 8 mm. The 
deformed sample after compression test at the strain rate of 1 × 10−2/s of the ultra-fine-grained Mg-Bi alloy was 
observed by SEM.

In order to compare room-temperature deformability in high-strain rate regime with the other competitive 
light-weight metallic materials, compression tests were carried out using commercial extruded aluminum 5052 
and 6063 alloys (Al-2.41mass%Mg and Al-0.48mass%Mg-0.43mass%Si) with a diameter of 10 mm. The chemical 
compositions of the other elements are listed in Table S4. The method for specimen preparation and compression 
tests using aluminum alloys were the same as those as that described above for magnesium and its alloys. All of 
the compression tests were performed at least three times.

Numerical procedure. First-principles calculations were performed to theoretically examine how alloying 
atoms are distributed at the boundary as well as within the bulk matrix, as shown in Fig. S5. Figure S5(a) provides 
schematic illustrations of the low-angle grain boundary model with 320 atoms, similar to our previous model36. 
Upper half regions are tiled by about 8.8°; so that, the periodicity for the <c> direction is satisfied. There are 
eighteen atoms at the central grain boundary, and they are labeled A through R, as shown in Fig. S5(b). One 
magnesium atom at the boundary is replaced by an alloying atom X (X = Ag, Al, Bi, Ca, Li, Mn, Pb, Sn, Y or Zn, 
which are able to sufficiently dissolve into magnesium in experiments24) to analyze the segregation energy. Since 
three-dimensional periodic boundary conditions were introduced, there are two interfaces in the model. The 
segregation energy is defined as;

= 

 − − − 




+ + + +( ) ( )E E E E E n/ (2)Segregation bulk
m n

bulk
m n

boundary
m n

boundary
m n( )Mg Mg X ( )Mg Mg X

where +Ebulk
(m n)Mg is the total energy for the bulk (no boundary) with (m + n) Mg atoms, and m + n is 320. +Ebulk

mMg nM 
is total energy for the bulk (no boundary) with m Mg and n X atoms for n = 1. The terms of +Eboundary

(m n)Mg  and 
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+Eboundary
mMg nM are the total energy for the boundary model with (m + n) Mg atoms and the total energy for the bound-

ary model with m Mg and n X atoms, respectively. Using the model as shown in Fig. S5(c), the formation energy, 
which is described as the cohesive energy in the main text, in the bulk is also estimated by;

= − − +E E X mE nE m n( (Mg ) )/( ) (3)Formation m n
XMg

where E(MgmXn) is the total energy of MgmXn alloy with m Mg and n X atoms, and EMg and EX are the energies 
of Mg and X in their ground state phases, respectively, which are estimated with the Open Quantum Materials 
Database37,38 using m = 63 and n = 1.

In order to perform density functional theory (DFT) calculations, the projector augmented wave (PAW) 
method39,40, as implemented in the Vienna Ab-initio Simulation Package39,40 was used. The exchange-correlation 
energy was calculated within the generalized gradient approximation (GGA) by Perdew, Burke, and Ernzerhof41. 
The cut-off energy for the plane wave expansion was set at 400 eV. Electronic convergence was set as 10−4 eV for 
all cases. For the grain boundary model, Brillouin zone integrations were performed using a set of 18 × 12 × 4 
k-points. Non-spin polarized calculation was considered in all the Mg-X models in this study. All of the atoms 
were fully relaxed except for those at the boundary. That is, for these atoms, atomic displacements for only the 
<a> and <b> axis were allowed to fix the plane of the grain boundary.

References
 1. Halada, K. & Ijima, K. Resource productivity of magnesium. Material in Japan 43, 264–269 (2004).
 2. Reed-Hill, E. & Robertson, W. D. The crystallographic characteristics of fracture in magnesium single crytals. Acta Metall. 5, 

728–737 (1957).
 3. Yohinaga, H. & Horiuchi, R. On the flow stress of α solid solution Mg-Li alloy single crystals. Mater. Trans. JIM. 4, 134–141 (1963).
 4. Sherby, O. D. & Wadsworth, J. Superplasticity-recent advances and future directions. Prog. Mater. Sci. 33, 169–221 (1989).
 5. Chapman, J. A. & Willson, D. V. The room temperature ductility of fine-grain magnesium, J. Inst. Met. 91, 39–40 (1962–63).
 6. Wang, C. L., Mukai, T. & Nieh, T. G. Room temperature creep of fine-grained pure Mg; A direct comparison between 

nanoindentation and uniaxial tension. J. Mater. Res. 24, 1615–1618 (2009).
 7. Koike, J., Ohyama, R., Kobayashi, T., Suzuki, M. & Maruyama, K. Grain boundary sliding in AZ31 magnesium alloys at room 

temperature to 523 K. Mater. Trans. 44, 445–451 (2003).
 8. Somekawa, H. & Mukai, T. Hall-Petch breakdown in fine-grained pure magnesium at low strain rates. Metall. Mater. Trans. 46A, 

894–902 (2015).
 9. Somekawa, H. & Mukai, T. Nanoindnetation creep behavior of grain boundary in pure magnesium. Philo. Mag. Lett. 90, 883–890 

(2010).
 10. Somekawa, H., Singh, A., Mukai, T. & Inoue, T. Effect of alloying elements on room temperature tensile ductility in magnesium 

alloys. Philo. Mag. 96, 2671–2685 (2016).
 11. Figueiredo, R. B., Poggiali, F. S. J., Silva, C. L. P., Cetlin, P. R. & Langdon, T. G. The influence of grain size and strain rate on the 

mechanical behavior of pure magnesium. J. Mater. Sci. 51, 3013–3024 (2016).
 12. Figuiredo, R. B., Sabbaghianrad, S., Giwa, A., Greer, J. R. & Langdon, T. G. Evidence for exceptional low temperature ductility in 

polycrystalline magnesium processed by severe plastic deformation. Acta Mater. 122, 322–331 (2017).
 13. Choi, H. J., Kim, Y., Shin, J. H. & Bae, D. H. Deformation behavior of magnesium in the grain size spectrum from nano- to 

micrometer. Mater. Sci. Eng. A527, 1565–1570 (2010).
 14. Hwang, S., Nishimura, C. & McCormick, P. G. Deformation mechanism of nanocrystalline magnesium in compression. Scripta 

Mater. 44, 1507–1511 (2001).
 15. Somekawa, H., Singh, A. & Inoue, T. Development of isotropic and accordion-like deformable magnesium alloys. Mater. Trans 58, 

1089–1092 (2017).
 16. Somekawa, H., Inoue, T. & Tsuzaki, K. Effect of deformation twin on toughness in magnesium binary alloys. Philo. Mag. 95, 

2513–2526 (2015).
 17. Barnett, M. R., Keshavarz, Z., Beer, A. G. & Atweel, D. Influence of grain size on the compressive deformation of wrought Mg-3Al-

1Zn. Acta Mater. 52, 5093–5103 (2004).
 18. Watanabe, H., Owashi, A., Uesugi, T., Takigawa, Y. & Higashi, K. Threshold stress for superplasticity in solid solution magnesium 

alloys. Philo. Mag. 92, 787–803 (2012).
 19. Hardorn, J. P. et al. Role of solute in the texture modification during hot deformation of Mg-Rare earth alloys. Metall. Mater. Trans. 

43A, 1347–1362 (2012).
 20. Stanford, N., Sha, G., Xia, J. H., Ringer, S. P. & Barnett, M. R. Solute segregation and texture modification in an extruded magnesium 

alloy containing gadolinium. Scripta Mater. 65, 919–921 (2011).
 21. Huang, Y., Dieringa, H., Kainer, K. U. & Hort, N. Effects of Sm segregation and precipitates on creep response of Mg-Sn alloys. Fat. 

Frac. Eng. Mater. Stru. 364, 308–315 (2013).
 22. Bugnet, M., Kula, A., Niewezas, M. & Botton, G. A. Segregation and clustering of solutes at grain boundaries in Mg-rare earth solid 

solutions. Acta Mater. 79, 66–73 (2014).
 23. Somekawa, H. & Schuh, C. A. Effect of solid solution elements on nanoindentation hardness, rate dependence and incipient 

plasticity in fine grained magnesium alloys. Acta Mater. 59, 7554–7563 (2011).
 24. Massalski, T. B. Binary alloy phase diagrams, 2nd edition, Materials Park, OH, ASM International (1990).
 25. Frost, H. J. & Ashby M. F. Deformation mechanism map, Oxford, Pergamon press (1982).
 26. Christian, J. W. & Mahajan, S. Deformation twinning. Prog. Mater. Sci. 39, 1–157 (1995).
 27. Kokawa, H., Watanabe, T. & Karashima, S. Sliding behavior and dislocation structures in aluminium grain boundaries. Philo. Mag. 

A44, 1239–1254 (1981).
 28. Valiev, R. Z. & Langdon, T. G. Principles of equal-channel angular pressing as a processing tool for grain refinement. Prog. Mater. Sci. 

51, 881–981 (2006).
 29. Hirata, T., Osa, T., Hosokawa, H. & Higashi, K. Effect of flow stress and grain size on the evolution of grain boundary microstructure 

in superplastic 5083 aluminum alloy. Mater. Trans. 43, 2385–2391 (2002).
 30. Kurtz, R. J., Hoagland, R. G. & Hirth, J. P. Effect of exitrinsic grain boundary defects on grain-boundary sliding resistance. Philo. 

Mag. 79, 665–681 (1999).
 31. Mabuchi, M., Ameyama, K., Iwasaki, H. & Higashi, K. Low temperature superplasticity of AZ91 magnesium alloy with non-

equilibrium grain boundaries. Acta Mater 47, 2047–2057 (1999).
 32. Mabuchi, M., Iwasaki, H., Yanase, K. & Higashi, K. Low temperature superplasticity in an AZ91 magnesium alloy processed by 

ECAE. Scripta Mater. 36, 681–686 (1997).
 33. ASM Specialty Handbook, Magnesium and magnesium alloys, Materials Park, OH, ASM International (1999).



www.nature.com/scientificreports/

9Scientific REPORTS |  (2018) 8:656  | DOI:10.1038/s41598-017-19124-w

 34. Sandlobes, S., Zaefferer, S., Schestakow, I., Yi, S. & Martinez, R. G. On the role of non-basal deformation mechanisms for the 
ductility of Mg and Mg-Y alloys. Acta Mater. 59, 429–439 (2011).

 35. Tsuru, T., Udagawa, Y., Yamaguchi, M., Itakkura, M. & Kaji, Y. Solution softening in magnesium alloys; the effect of solid solutions 
on the dislocation core structure and nonbasal slips. J. Phy. Cond. Mater. 25(022202), (5p) (2013).

 36. Basha, D. A. et al. Interfacial segregation induced by severe plastic deformation in a Mg-Zn-Y alloy. Scripta Mater. 124, 169–172 
(2016).

 37. Saal, J. E., Kirklin, S., Aykol, M., Meredig, B. & Wolverton, C. Materials design and discovery with high-throughput density 
functional theory: The open quantum materials database. JOM 65, 1501–1509 (2013).

 38. Kirklin, S. et al. The open quantum materials data based: Assessing the accuracy of DFT formation energies, npj Comp. Mater. 1, 
15010 (15p) (2015).

 39. Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B47, 558–563 (1993).
 40. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. 

B54, 11169–11186 (1996).
 41. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

Acknowledgements
The authors are grateful to Dr. Y. Osawa and Ms. R. Komatsu (National Institute for Materials Science) for their 
technical help. The first principles calculations were performed on Numerical Materials Simulation at National 
Institute for Materials Science.

Author Contributions
H.S. and T.I. prepared the materials by casting and extrusion, H.S. examined the mechanical properties, H.S. and 
A.S. observed the initial microstructures by EBSD and TEM including HREM, respectively, and R.S performed 
the first principles calculations. All authors analyzed, discussed the results, and then wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-19124-w.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-017-19124-w
http://creativecommons.org/licenses/by/4.0/

	Excellent room temperature deformability in high strain rate regimes of magnesium alloy
	Results
	Deformability and absorption energy at high-strain rate regime. 
	Microstructures. 
	Effect of alloying element on energetic feature. 

	Discussion
	Methods
	Experimental procedure. 
	Numerical procedure. 

	Acknowledgements
	Figure 1 The results of mechanical properties for magnesium and its alloys at room temperature (a) nominal stress vs.
	Figure 2 Initial microstructures of the ultra-fine-grained Mg-Bi alloy for (a) inverse pole figure image observed by EBSD method, (b) annular dark field (ADF) image taken by scanning transmission electron microscope (STEM), (c) STEM image containing a gra
	Figure 3 (a) grain boundary segregation energy and cohesive energy in each alloying models obtained from numerical analysis and (b) results of X-ray diffraction in the two kinds of Mg-Bi alloys, i.
	Figure 4 Schematic illustration of preparation procedure for magnesium binary alloys.
	Figure 5 The analysis in compression tests at room temperature (a) flow stress as a function of strain rate and (b) typical deformed surface observation of the ultra-fine-grained Mg-Bi alloy at strain rate of 1 × 10−2/s.
	Table 1 List of extrusion temperature, average grain size and mechanical properties of the specific materials.




