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Metals are the backbone of manufacturing owing to their strength and formability. Compared to
polymers they have high mass density. There is, however, one exception: magnesium. It has a density of
only 1.7 g/cm3, making it the lightest structural material, 4.5 times lighter than steels, 1.7 times lighter
than aluminum, and even slightly lighter than carbon fibers. Yet, the widespread use of magnesium is
hampered by its intrinsic brittleness. While other metallic alloys have multiple dislocation slip systems,
enabling their well-known ductility, the hexagonal lattice of magnesium offers insufficient modes of
deformation, rendering it intrinsically brittle. We have developed a quantum-mechanically derived
treasure map which screens solid solution combinations with electronic bonding, structure and volume
descriptors for similarity to the ductile magnesium-rare earth alloys. Using this insight we synthesized
a surprisingly simple, compositionally lean, low-cost and industry-compatible new alloy which is over
4 times more ductile and 40% stronger than pure magnesium. The alloy contains 1 wt.% aluminum
and 0.1 wt.% calcium, two inexpensive elements which are compatible with downstream recycling
constraints.
Permanent shape changes of metals are enabled by the motion of line defects that break atomic bonds and create
new ones along densely packed lattice directions. These defects are referred to as dislocations and their crystallographic features as slip systems. Each dislocation shears the material by one atomic spacing. The motion of up
to one light year of dislocation length per cubic meter (1016 m/m3) thus enables macroscopic deformation and
forming.
Metals are typically used in polycrystalline form with crystal sizes of up to several micrometers. A square
meter of auto skin sheet for instance can consist of more than 1010 crystals. Since individual crystals deform only
along specific crystallographic directions, macroscopic shape changes require deformation compatibility among
them. Accommodating arbitrary deformations thus requires at least 5 independent deformation systems in each
crystal to be active1. While cubic metallic crystals (e.g. steels, Al-alloys) have a sufficiently high number of independent deformation systems due to their high crystal symmetry, most hexagonal crystals exhibit insufficient
independent deformation systems2, 3.
Magnesium and its alloys, as the lightest class of structural metals, have a hexagonal lattice structure. Thus,
despite some excellent properties such as low mass density, good castability and efficient recyclability4, their wider
industrial application is fundamentally impeded by their intrinsic poor room temperature ductility. The lack of
¯ ⟩ basal <a> dislocation
room temperature formability is caused by deformation being governed by {0001}⟨1120
¯ ⟨1011
¯ ¯ ⟩ tensile twinning2, 3, 5–14. Basal <a> slip does not allow accommodation of strain along the
slip and {1012}
crystal c-axis but rather a rotation of the crystal c-axes parallel to the loading direction2, 9, 14, leading to the
so-called basal texture component9. Consequently, magnesium fails at low strains, Fig. 1.
Strain along the crystal c-axis can only be accommodated by the activation of non-basal slip in hexagonal
crystals, i.e. it is crucial for compatible polycrystalline deformation of Mg2, 6, 12–16. Even if dislocations with a
<c + a> Burgers vector are formed they do not prevail in pure Mg: Curtin et al.15 recently showed by using
molecular dynamics simulations that dislocations with non-basal Burgers vectors are not stable but dissociate and
relax back onto the basal plane in pure Mg.
Manipulation of the activation and stability of dislocations and slip systems is possible through the addition of
alloying elements. Specifically, dilute alloying with yttrium and rare earth (RE) elements has been shown to improve
the room temperature ductility significantly4–13. Recent studies by combined transmission electron microscopy
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Figure 1. Pure polycrystalline magnesium failing in a brittle manner already at low deformations, shown
here in the rolled state. Pure Mg fractured along macroscopic shear bands when cold rolled to 10% thickness
reduction whereas Mg-1Al-0.1Ca could be cold rolled to 54% thickness reduction in several rolling passes of
8% thickness reduction per rolling pass; small sheet sections cut from the rolled sheet after each consecutive
rolling pass are presented. Early failure of pure Mg occurs due to the restriction to mainly basal <a> dislocation
slip and tensile twinning. Additional activation of pyramidal <c + a> dislocation slip enables improved room
temperature formability specimens of the new Mg-Al-Ca alloy before and after deformation. The corresponding
tensile stress-strain curves are shown in Fig. 3 (pure Mg blue line and Mg-1Al-0.1Ca in red).

Figure 2. Computed values of the yttrium-similarity index, YSI (Eq. 1) for the 2850 solute pairs computed in
this study and visualized in the form of a symmetric matrix (a) with yellow indicating a high similarity and
blue a low one. Solute pairs that have a high index (YSI > 0.95) are shown in the upper triangular part in (b).
Applying a cost and solubility filter (see text) only a single pair, Al-Ca, remains (c).

(TEM) measurements and ab initio calculations revealed that such a ductility increase in Mg-Y and Mg-RE
alloys is caused by an increased activity of <c + a> dislocation slip providing out-of-basal-plane shear6–8, 11–13.
Such an intrinsic change of the activation of dislocation slip systems worked so far only for yttrium, rare earth elements12, 13, 17 and lithium in solid solution11, 18, 19 rendering such alloys expensive, difficult to process and incompatible with recycling constraints.
An alternative, processing-oriented option of solving the brittleness problem lies in breaking these prevalent
basal textures up into non-basal texture components which enable ductile deformation of polycrystalline compounds without the activation of pyramidal slip. The concepts which currently exist aim at ductilizing commercial
magnesium alloys by employing either texture or grain size engineering through laborious and expensive processing technologies [e.g. refs 4, 20–28] such as extrusion [e.g. refs 21–23] or asymmetric forming [e.g. refs 25, 26],
severe plastic deformation to produce ultra-fine grained microstructures [e.g. refs 24, 27], or the precipitation of
second phases through higher alloying additions [e.g. refs 29–31]. All these concepts, although improving ductility, do not aim at improving the intrinsic brittleness of magnesium but rather delay failure through smart, yet
expensive processing or extensive alloying.
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Figure 3. Engineering stress-strain curves of the new Mg-Al-Ca alloy shown in Fig. 1 in comparison with not
engineered (other than simple homogenization treatment) solid solution Mg-Y, Mg-RE, pure Mg and MgAl-0.3Ca6, 11. The inset shows the ultimate tensile strength – uniform elongation diagram of the same alloys
displaying the superior mechanical properties of the new alloy. RD: rolling direction; TD: transverse direction.
Compositions are in weight %.

We follow an alternative approach aiming at improving the fundamental plasticity mechanisms that control
intrinsic ductility, i.e. the intrinsic activation of multiple deformation systems. Our preliminary studies have
revealed that the facilitated activation of out-of-basal-plane shear modes through the addition of Y or RE elements to Mg is correlated with a significantly decreased I1 intrinsic stacking fault energy (I1 SFE) (The I1 intrinsic
stacking fault changes the stacking sequence from …ABABAB… to … ABABCBCB …)12, 13. In these studies the
I1 SFE has been found to decrease with increasing Y and RE concentration. We propose that this reduction of the
I1 SFE can be used as a guiding parameter (among others) connected with the ductility increase in the Mg-Y and
Mg-RE systems acting as follows: The enhanced ductility is enabled by an increased activity of pyramidal <c + a>
dislocations as slip modes out of the basal plane. It is the nucleation of <c + a> dislocations which forms the
critical step in providing out-of-basal-plane shear. This is associated with the I1 SF: the sessile I1 SF, whose energy
decreases with Y or RE alloying, is bound by a pyramidal partial dislocation. This dislocation arrangement enables the formation of dislocation structures on pyramidal planes12, 13, 32, 33, i.e. it acts as heterogeneous nucleation
source for pyramidal <c + a> dislocations.
Based on these studies we conducted ab initio assessments of the fundamental thermodynamic, energetic
(elastic energy) and structural-volumetric interactions of yttrium and RE atoms in Mg in solid solution and
their effects on the I1 SFE to better understand the origin of slip system selection in these ductile model alloys.
Considering only 60 commercially used elements as solute ingredients, i.e. >10120 possible alloy variants,
shows that an empirical approach for identifying Mg solid solution alloys with properties similar to those of
magnesium-rare earth alloys is hopeless.
Hence, we developed a quantum mechanically guided treasure map for Mg alloying17. The key idea of this
concept is to start from a Mg-Y alloy that has the desired ductility, yet, is commercially not attractive, and search
for alternative alloy compositions which match the reference system as closely as possible for selected (and easy to
obtain) element-specific properties. This proximity between two alloys is expressed by a similarity index
1/2




2
Yc = 1 − 
∑wα(α − αc ) 





α


(1)

where the subscript c describes the chemical composition of the new alloy, α describes a selected set of
element-specific properties and wα are the respective weighting factors. This proximity factor Yc is referred to as
yttrium-similarity index, YSI, with values closer to 1 indicating a higher similarity to Y.
To determine a suitable set of elemental properties and weighting factors we used density-functional theory to
compute reference quantities for an extensive set of solid-solution binary Mg1−xXx alloys (x ≪ 1)17. By correlation
analysis on this extensive data set we identified three specific, strong fundamental property correlations: the
atomic volume of pure solutes, their electronegativity and their bulk modulus17. From the correlation coefficients
we obtained the weights wα.
Specifically, we screened 2850 ternary combinations (Fig. 2a)17 and identified 17 promising ternary alloys
highlighted in Fig. 2(b) with YSI values ≥ 0.95. Figure 2a shows a symmetric matrix of all 2850 solute pairs computed, where the respective solutes are given on the x- and y-axes. The intersection points of each solute pair of
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the y- and x-axis are marked by a colored point indicating the similarity of that pair to Y. Yellow color corresponds
to a high similarity to Y (high YSI) and blue color to a low YSI. In the upper triangle of Fig. 2b only those solute
pairs which were calculated to have an YSI above 0.95 (i.e. 95% or higher similarity to Y) are shown. The so identified solutes are listed at the x- and y-axis in Fig. 2b. Screening this list of predicted alloys reveals that most of them
contain rare earth elements. Yet, 11 of them are non-RE/Y containing solute pairs, namely, Ti-Ca; Cd-Na; Sr-Al;
Ca-Al; Tl-Ca; Cd-Ca; Sr-Zn; Hf-Ca; Zr-Na; Tl-Na; Zr-Ca. A full list of all computed YSI values for all considered
solute pairs is given in ref. 17. After imposing first this non-RE/Y filter we have applied a second selection filter
ruling out those of the remaining solute pairs which are incompatible with recycling constraints (Cd, Zr, Hf, Tl),
toxic (Cd), not sufficiently soluble (Zr, Hf) in Mg or too expensive (Zr, Tl, Hf, Sr). After applying this final filter,
only one alloy system remains, as displayed by the yellow point in Fig. 2c, viz. Mg-Al-Ca. The thus identified ternary Mg-Al-Ca alloy is fully compatible with commercial metallurgy and contains two inexpensive and non-toxic
elements. Interestingly, ternary Mg alloys containing Ca and Al have of course been synthesized before, however,
with higher alloying contents, above the solubility limit of Ca [e.g. refs 34 and 35], and showing no beneficial
mechanical properties. Since the starting point of our similarity approach is a homogeneous, precipitate free
Mg-Y solid solution alloy, we carefully checked that the doping levels of Al and Ca are below the solubility limit
in contrast to previous work on Mg-Al-Ca alloys.
Following this ab initio guided approach, we identified and synthesized a new material in the Mg-Al-Ca system, namely, Mg-1Al-0.1Ca (wt.%). Figure 3 shows the tensile stress-strain behavior of the new as-homogenized
(as-cast; 50% hot rolled at 430 °C; recrystallization annealing at 450 °C for 15 min; water quenching) Mg-1Al0.1Ca alloy in direct comparison with pure Mg and binary solid solution Mg-RE and Mg-Y alloys6, 13 revealing
superior mechanical properties with a tensile elongation of about 20%, i.e. 4 times more ductile than pure magnesium, well-balanced constant work hardening, and an ultimate tensile strength of about 220 MPa, exceeding
that of pure Mg by 40%. Figure 3 shows a comparison with other solid solution alloys which do not contain any
second phase precipitates (despite our less dilute Mg-1Al-0.3Ca alloy) and have not been processed to obtain
texture weakening or grain refinement.
To show the importance of staying below the solubility limit as discussed above, we tested another, less-dilute
Mg-Ca-Al alloy, i.e. Mg-1Al-0.3Ca (wt.%). This alloy with a Ca content slightly above the solubility limit shows
brittle failure (see Fig. 3) which is related to the formation of hard and brittle Mg2Ca Laves phase precipitates.
Hence, the mechanisms of early failure of the Mg-1Al-0.3Ca alloy are different from those in pure Mg. In the
Mg-1Al-0.3Ca alloy Laves phase precipitates have formed at grain boundaries. The brittle failure is then not
caused by strain localization, as in pure Mg, but due to the presence of the hard Laves phase precipitates which
act as microstructurally weak points. Similar ductilization trends were also very recently observed by Zeng
et al.36 and Suh et al.37 for Mg-Zn-Ca alloys (actually, our analysis predicts an yttrium similarity index of 0.942 for
Zn-Ca in case of equal concentration of both solutes) and also by Chino et al. and Nakata et al.22, 23, 38 who showed
ductility increase through texture weakening in Mg-Zn-Ca and Mg-Al-Ca based alloys22, 23 and through grain
refinement and basal texture weakening due to severe plastic deformation38. Enhanced room temperature ductility through the activation of <c + a> slip has been also reported for Mg-Li alloys11, 18, 19 (our analysis predicts an
yttrium similarity index of 0.837 for binary Mg-Li alloys). Considering the price aspect, Zn is 2-3.5 times and Li
3-3.5 times more expensive than Al which we combined with Ca in our alloy.
Zn is one of the most important alloying elements in Mg alloys, however, when alloyed in the form of a binary
Mg-Zn alloy, the material possesses only a low calculated YSI of 0.743 and only one solute pair which contains Zn
has a calculated YSI of >0.95: Sr-Zn. Alloying of Zn has been reported to have various effects on Mg, namely, precipitation strengthening (e.g. AZ alloys39, 40), hardening of basal <a> dislocation slip and softening of prismatic
<a> dislocation slip41–43 and grain refinement39, 40, 44, 45. Further, Zn has been reported to moderately increase the
ductility of Mg, however, not as substantial as reported for Y/RE additions and without pronounced activity of
<c + a> dislocation slip39, 44, 45.
When considering commercial Al and/or Zn containing alloys such as AZ31, AM60, AZ61 and AZ91 a broad
range of mechanical properties has been reported21, 24, 46–62, where high strength of up to about 300 MPa62 and/
or high ductility of up to 40%24 have been observed mainly for extruded or SPD treated alloys with UFG grain
size and/or weakened basal texture21, 24, 46–62, but limited ductility for coarser grained alloys with basal-type textures24, 47, 54, 63. Particular work has been performed on increasing the formability of these alloys through novel
and advanced processing routes21, 24, 46–62. Yamashita et al.47 have studied an extruded binary Mg-0.9Al (wt.-%)
alloy before and after severe plastic deformation processing. They have reported a yield stress of about 55 MPa
and tensile elongation of about 3% for the as-extruded binary Mg-0.9Al which could subsequently be increased
to a yield stress of about 150 MPa and tensile elongation of about 17.5% via the ensuing severe plastic deformation
causing substantial grain refinement and texture weakening47.
To unravel the reasons for the observed ductility increase of the new Mg-Al-Ca alloy and prove if it is caused
by increased activity of non-basal dislocation slip and a decreased I1 SFE, as predicted by ab initio, we have performed microstructure characterization, Figs 4 and 5. These investigations confirm that the observed ductility
increase is not caused by texture engineering, nano-structuring, grain size reduction, twinning activation or
second phase dispersions but, indeed, simply by a solid solution effect facilitating the activation of non-basal
¯ ⟨1011
¯ ¯ ⟩ tensile deformation twinning was observed as one of the predom<c + a> dislocation slip, Fig. 5. {1012}
inant deformation systems in pure Mg and most Mg alloys – together with basal <a> dislocation slip. However,
basal <a> slip and tensile twinning alone offer only 3 independent deformation systems and, hence, do not fulfil
the von Mises criterion requiring at least 5 independent deformation systems for compatible polycrystalline
deformation.
Optical microscopy, scanning electron microscopy (SEM), electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM) show that the new Mg-1Al-0.1Ca alloy is a single-phase solid solution alloy
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Figure 4. Microstructure (optical microscopy (a), electron backscatter diffraction (EBSD) (b), x-ray diffraction
(c)) of the new Mg-Al-Ca alloy revealing grain sizes of about 35-50 µm and a prevalent basal texture with a slight
TD texture component. (a) Optical micrograph of a sample deformed to 10% engineering strain, (b) secondary
electron micrograph and EBSD map after deformation to 10% engineering strain, (c) Pole figure plots of an
undeformed sample.

without any second phase precipitates, Fig. 4. The material has a grain size of 35–50 µm and a prevalent basal
texture with a slight TD texture component, hence, it is microstructurally comparable to the reference alloys
containing Y and RE elements given in Fig. 36, 13. As evident from the electron backscatter diffraction (EBSD) map
in Fig. 4b, significant tensile twinning took place during deformation of the new Mg-Al-Ca alloy. No compression
twinning was observed. We find that most grains contain tensile twins, preferentially of one variants, however,
grains with more than one activated twin variant are also present, Fig. 4b. The occurrence of twins and twin volume fraction (~40% after 10% deformation) are similar as has been observed for pure Mg and Mg alloys. No
additional twinning systems, such as {1011} < 1012> compression and {1011}{1012} secondary deformation
twinning, were activated, which would have increased the number of independent deformation systems. We
therefore propose that the activity of deformation twinning is not significantly changed through the addition of 1
wt.-% Al and 0.1 wt.-% Ca in solid solution and, thus, the only mechanism remaining to explain the observed
ductility is the increased activity of non-basal dislocation slip.
→
TEM analysis of the active dislocations and slip systems using the →
g ⋅ b criterion, where →
g is the diffraction
→
vector and b is the Burgers vector, clearly reveals activity of non-basal <c + a> and basal <a> dislocation slip,
→
Fig. 5. According to the →
g ⋅ b criterion only dislocations with a < c > -component are visible under →
g = (0002)
conditions (a); only dislocations with an <a> -component are visible under →
g = (1120) conditions (c); and both,
<a> and <c> components, are visible under →
g = (0111) conditions (b) in Fig. 5. The plane traces as marked in
Fig. 5 unambiguously identify the glide plane of the <c + a> dislocation being the (1011) 1st order pyramidal
plane confirming them being not dissociated and relaxed onto the basal plane. This pronounced activity of basal
<a> and pyramidal <c + a> dislocations enables the increased ductility in the as-homogenized and
un-engineered state observed for the new Mg-1Al-0.1Ca alloy.
The TEM micrographs shown in Fig. 5 are typical images of this alloy in which several different grains were
examined. When comparing the relative amounts of <c + a> dislocations and <a> dislocations of this Mg-Al-Ca
alloy with Mg-Y and Mg-RE alloys12, 13, 64 the ratio <c + a > dislocations/<a > dislocations is slightly lower in
the Mg-Al-Ca alloy, in agreement to the computed YSI values. However, TEM does not provide significant statistical relevance due to the small volumes investigated and EBSD does only give the number of geometrically necessary dislocations. Therefore a sound quantitative comparison is not possible using electron microscopy.
In line with the previous studies on Mg-Y and Mg-RE alloys which have revealed a correlation of the increased
activity of <c + a> dislocation slip with the I1 SFE further TEM analysis of the I1 SFE was performed on undeformed material. By using a set of six different diffraction vectors →
g from two different zone axes the presence of
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5

www.nature.com/scientificreports/

Figure 5. TEM weak beam dark field micrographs after deformation to 2% engineering strain taken under
different diffraction conditions prove the predominant activity of pyramidal <c + a> and basal <a>
dislocation slip. Small capitals mark planes and italic letters mark slip systems.

Figure 6. TEM weak beam dark field micrographs of an I1 intrinsic stacking fault (I1 SF) in the new MgAl-Ca alloy taken under different diffraction conditions. The visibility of the two bounding partial dislocations
is indicated by P1 (partial dislocation 1) and P2 (partial dislocation 2), respectively. The corresponding
dissociation width amounts to 18 nm.

I1 SFs with a dissociation width of 18 ± 3 nm was observed in the new Mg-Al-Ca alloy, Fig. 6. A dissociation width
of 18 ± 3 nm corresponds to an I1 SFE of 2.5 ± 0.5 mJ/m²12, 13, being significantly lower than in pure Mg (20 mJ/m²,
corresponding to a dissociation width <2 nm)12, 13.
In conclusion, we have designed a new RE-free ductile Mg alloy by using a computer assisted rapid alloy
assessment through an ab initio derived non-linear relation of fundamental atomic parameters. The new alloy
contains Al and Ca in dilute solid solution, two inexpensive and non-toxic elements. This, by metallurgical standards, tiny doping with Al and Ca leads to a huge macroscopic effect by activating in addition to basal also pyramidal slip. Contrary to most alloy concepts, our ab initio based strategy suggested to reduce doping levels, which
can be regarded as a ‘less-is-more’ alloying principle. We also emphasize that the alloy does not require any additional measures such as texture engineering, nano-structuring, grain size reduction, activation of twinning sys¯ ⟨1011
¯ ¯ ⟩ tensile twinning or second phase dispersions. Future research directions should
tems other than {1012}
focus on additional microstructure and texture engineering of this alloy class, for example by the addition of
further alloying elements to form strengthening precipitates (not being Mg2Ca Laves phase), texture modification
and grain refinement.

Experimental Methods

The alloys were prepared from pure Mg, pure Ca and pure Al (all having a purity of >99,98%) in an induction
furnace under Ar pressure. To homogenize the microstructure and remove elemental segregations, the as-cast
block was hot rolled to 50% thickness reduction at 430 °C and recrystallization annealed at 450 °C for 15 min
followed by water quenching.
Samples for optical microscopy and electron backscatter diffraction (EBSD) analysis were prepared by
mechanical grinding and polishing followed by electrolytical polishing using the electrolyte AC2 (Struers).
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Transmission electron microscopy (TEM) samples were prepared from 3 mm discs by mechanical grinding and
twin-jet polishing until perforation using a solution of 3% perchloric acid in ethanol as electrolyte.
Tensile testing was done at room temperature and an initial strain rate of 10−4 s−1 using an electromechanical
testing machine (DZM) with an accuracy of 0.17 MPa. Texture measurements were performed on a Bruker D8
Advance x-ray diffraction instrument. EBSD measurements were conducted using a Zeiss FIB XB1540 SEM and
TEM observation were performed on a Philips CM20 TEM.

References

1. Bishop, J. F. W. & Hill, R. A theory of the plastic distortion of a polycrystalline aggregate under combined stresses. Philos Mag 42,
414–427 (1951).
2. Yoo, M. Slip, twinning, and fracture in hexagonal close-packed metals. Metall Trans A 12, 409–418 (1981).
3. Partridge, P. G. The crystallography and deformation modes of hexagonal close-packed metals. Metall Rev 118, 169–194 (1967).
4. Bohlen, J., Letzig, D. & Kainer, K. U. New Perspectives for Wrought Magnesium Alloys. Mater Sci Forum 546–549, 1–10 (2007).
5. Couling, S. L., Pashak, J. F. & Sturkey, L. Unique deformation and aging characteristics of certain magnesium-base alloys. Trans ASM
51, 94–107 (1959).
6. Sandlöbes, S., Zaefferer, S., Schestakow, I., Yi, S. & Gonzalez-Martinez, R. On the role of non-basal deformation mechanisms for the
ductility of Mg and Mg–Y alloys. Acta Mater 59, 429–439 (2011).
7. Chino, Y., Kado, M. & Mabuchi, M. Enhancement of tensile ductility and stretch formability of magnesium by addition of 0.2
wt%(0.035 at%)Ce. Mater Sci Eng A 494, 343–349 (2008).
8. Chino, Y., Kado, M. & Mabuchi, M. Compressive deformation behavior at room temperature – 773 K in Mg–0.2 mass%(0.035at.%)
Ce alloy. Acta Mater 56, 387–394 (2008).
9. Al-Samman, T. & Li, X. Sheet texture modification in magnesium-based alloys by selective rare earth alloying. Mater Sci Eng A 528,
3809–3822 (2011).
10. Hirsch, J. & Al-Samman, T. Superior light metals by texture engineering: Optimized aluminum and magnesium alloys for
automotive applications. Acta Mater 61, 818–843 (2013).
11. Agnew, S. R., Yoo, M. H. & Tome, C. N. Application of texture simulation to understanding mechanical behavior of Mg and solid
solution alloys containing Li or Y. Acta Mater 49, 4277–4289 (2001).
12. Sandlöbes, S. et al. The relation between ductility and stacking fault energies in Mg and Mg–Y alloys. Acta Mater 60, 3011–3021
(2012).
13. Sandlöbes, S. et al. Ductility improvement of Mg alloys by solid solution: Ab initio modeling, synthesis and mechanical properties.
Acta Mater 70, 92–104 (2014).
14. Agnew, S. R., Horton, J. A. & Yoo, M. H. Transmission electron microscopy investigation of <c + a> dislocations in Mg and α-solid
solution Mg-Li alloys. Metall Mater Trans A 33, 851–858 (2002).
15. Wu, Z. & Curtin, W. A. The origins of high hardening and low ductility in magnesium. Nature 526, 62–67 (2015).
16. Nogaret, T., Curtin, W. A., Yasi, J. A., Hector, L. G. Jr. & Trinkle, D. R. Atomistic study of edge and screw <c + a> dislocations in
magnesium. Acta Mater 58, 4332–4343 (2010).
17. Pei, Z. et al. Rapid theory-guided prototyping of ductile Mg alloys: from binary to multi-component materials. New J Phys 17,
093009 (2015).
18. Agnew, S. R., Horton, J. A. & Yoo, M. H. Transmission electron microscopy investigation of <c + a> dislocations in Mg and α-solid
solution Mg-Li alloys. Metall Mater Trans A 33, 851–858 (2002).
19. Lentz, M., Risse, M., Schaefer, N., Reimers, W. & Beyerlein, I. J. Strength and ductility with {1011} - {1012} double twinning in a
magnesium alloy. Nat Commun 7, ncomms11068 (2016).
20. Hantzsche, K., Wendt, J., Kainer, K. U., Bohlen, J. & Letzig, D. Mg sheet: the effect of process parameters and alloy composition on
texture and mechanical properties. JOM 61, 38–42 (2009).
21. Kleiner, S. & Uggowitzer, P. J. Mechanical anisotropy of extruded Mg–6% Al–1% Zn alloy. Mater Sci Eng A 379, 258–263 (2004).
22. Chino, Y. et al. Effects of Ca on Tensile Properties and Stretch Formability at Room Temperature in Mg-Zn and Mg-Al Alloys. Mater
Trans 52, 1477–1482 (2011).
23. Chino, Y., Huang, X., Suzuki, K. & Mabuchi, M. Enhancement of Stretch Formability at Room Temperature by Addition of Ca in
Mg-Zn Alloy. Mater Trans 51, 818–821 (2010).
24. Agnew, S. R., Horton, J. A., Lillo, T. M. & Brown, D. W. Enhanced ductility in strongly textured magnesium produced by equal
channel angular processing. Scripta Mater 50, 377–381 (2004).
25. Tomlinson, P., Azizi-Alizamini, H., Poole, W. J., Sinclair, C. W. & Gharghouri, M. A. Bi-axial deformation of the magnesium alloy
AZ80. Metall Mater Trans A 44, 2970–2983 (2013).
26. Beausir, B., Biswas, S., Kim, D., Toth, L. & Suwas, S. Analysis of microstructure and texture evolution in pure magnesium during
symmetric and asymmetric rolling. Acta Mater 57, 5061–5077 (2009).
27. Kim, W. J., Jeong, H. G. & Jeong, H. T. Achieving high strength and high ductility in magnesium alloys using severe plastic
deformation combined with low-temperature aging. Scripta Mater 61, 1040–1043 (2009).
28. Huang, X., Suzuki, K., Chino, Y. & Mabuchi, M. Improvement of stretch formability of Mg-3Al-1Zn alloy sheet by high temperature
rolling at finishing pass. J Alloy Compd 509, 7579–7584 (2011).
29. Nie, J.-F. Precipitation and Hardening in Magnesium Alloys. Metall Mater Trans A 43, 3891–3939 (2012).
30. Robson, J. D., Stanford, N. & Barnett, M. R. Effect of Precipitate Shape and Habit on Mechanical Asymmetry in Magnesium Alloys.
Metall Mater Trans A 44, 2984–2995 (2013).
31. Jain, J., Cizek, P., Poole, W. J. & Barnett, M. R. Precipitate characteristics and their effect on the prismatic-slip-dominated
deformation behaviour of an Mg–6 Zn alloy. Acta Mater 61, 4091–4102 (2013).
32. Yoo, M. H., Morris, J. R., Ho, K. M. & Agnew, S. R. Nonbasal deformation modes of HCP metals and alloys: Role of dislocation
source and mobility. Metall and Mat Trans A 33, 813–822 (2002).
33. Agnew, S. R., Capolungo, L. & Calhoun, C. A. Connections between the basal I1 “growth” fault and <c + a> dislocations. Acta Mater
82, 255–265 (2015).
34. Pan, H. et al. Recent developments in rare-earth free wrought magnesium alloys having high strength: A review. J Alloys Compds
663, 321–331 (2016).
35. Hase, T., Ohtagaki, T., Yamaguchi, M., Ikeo, N. & Mukai, T. Effect of aluminum or zinc solute addition on enhancing impact fracture
toughness in Mg–Ca alloys. Acta Mater 104, 283–294 (2016).
36. Zeng, Z. R. et al. Effects of dilute additions of Zn and Ca on ductility of magnesium alloy sheet. Mater Sci Eng A 674, 459–471 (2016).
37. Suh, B.-C., Kim, J. H., Hwang, J. H., Shim, M.-S. & Kim, N. J. Twinning-mediated formability in Mg alloys. Scientific Reports 6,
srep22364 (2016).
38. Nakata, T. et al. Improving tensile properties of dilute Mg-0.27Al-0.13Ca-0.21Mn (at.%) alloy by low temperature high speed
extrusion. J Alloy Compd 648, 428–437 (2015).
39. Yang, Z., Li, J. P., Zhang, J. X., Lorimer, G. W. & Robson, J. Review on Research and Development of Magnesium Alloys. Acta Metall.
Sin. (Engl. Lett.) 21, 313–328 (2008).

Scientific REPOrtS | 7: 10458 | DOI:10.1038/s41598-017-10384-0

7

www.nature.com/scientificreports/
40. Meza García, E. Extrusion of Magnesium-Zinc based alloys, Südwestdeutscher Verlag für Hochschulschriften, ISBN-13: 978383812478 (13. April 2011).
41. Akhtar, A. & Teghtsoonian, E. Solid solution strengthening of Magnesium single crystals-I Alloying behavior in basal slip. Acta
Metall 17, 1339–1349 (1969).
42. Akhtar, A. & Teghtsoonian, E. Solid solution strengthening of Magnesium single crystals-II The effect of solute on the ease of
prismatic slip. Acta Metall 17, 1351–1356 (1969).
43. Stanford, N. Barnett, M.R., Effect of Zn concentration and grain size on prismatic slip in Mg-Zn binary alloys, Magnesium
technology 2012: Proceedings of a symposium sponsored by the Magnesium Committee of the Light Metals Division of The
Minerals, Metals & Materials Society (TMS), 207–211, TMS, Orlando (2012).
44. Cáceres, C. H. & Blake, A. H. Solute and Temperature Effects on the Strain Hardening Behaviour of Mg-Zn Solid Solution. Mater Sci
Forum 567–568, 45–50 (2008).
45. Blake, A. H. & Cáceres, C. H. Solid-solution hardening and softening in Mg-Zn alloys. Mater Sci Eng A 483–484, 161–163 (2008).
46. Hamad, K. & Ko, Y. G. A cross-shear deformation for optimizing the strength and ductility of AZ31 magnesium alloys. Scientific
Reports 6, 29954 EP (2016).
47. Yamashita, A., Horita, Z. & Langdon, T. G. Improving the mechanical properties of magnesium and a magnesium alloy through
severe plastic deformation. Mater Sci Eng A 300, 142–147 (2001).
48. Miao, Q., Hu, L.-X., Sun, H.-F. & Wang, E.-D. Grain refining and property improvement of AZ31 Mg alloy by hot rolling. Trans
Nonferrous Met Soc China 19, 326–330 (2009).
49. Kim, W. J. et al. Texture development and its effect on mechanical properties of an AZ61 mg alloy fabricated by equal channel
angular pressing. Acta Mater 51, 3293–3307 (2003).
50. Barnett, M. Twinning and the ductility of magnesium alloys: Part I: “Tension” twins. Mater Sci Eng A 464, 1–7 (2007).
51. Koike, J. & Ohyama, R. Geometrical criterion for the activation of prismatic slip in AZ61 Mg alloy sheets deformed at room
temperature. Acta Mater 53, 1963–1972 (2005).
52. Wang, H. –Y. et al. Achieving high strength and high ductility in magnesium alloy using hard-plate rolling (HPR) process. Scientific
Reports 5, 17100 (2015).
53. Huang, X., Suzuki, K., Watazu, A., Shigematsu, I. & Saito, N. Improvement of formability of Mg-Al-Zn alloy sheet at low
temperatures using differential speed rolling. J Alloy Compd 470, 263–268 (2009).
54. Yuan, G., Sun, Y. & Ding, W. Effects of Sb addition on the microstructure and mechanical properties of AZ91 magnesium alloy.
Scripta Mater 43, 1009–1013 (2000).
55. Tonga, L. B. et al. Microstructure and mechanical properties of Mg–Zn–Ca alloy processed by equal channel angular pressing. Mater
Sci Eng A 523, 289–294 (2009).
56. del Valle, J. A., Carreño, F. & Ruano, O. A. Influence of texture and grain size on work hardening and ductility in magnesium based
alloys processed by ECAP and rolling. Acta Mater 54, 4247–4259 (2006).
57. Wang, Y. N. & Huang, J. C. The role of twinning and untwining in yielding behavior in hot-extruded Mg-Al-Zn alloy. Acta Mater 55,
897–905 (2007).
58. Zhang, J. et al. Effect of yttrium-rich misch metal on the microstructures, mechanical properties and corrosion behavior of die cast
AZ91 alloy. J Alloy Compd 471, 322–330 (2009).
59. Kim, H. L., Bang, W. K. & Chang, Y. W. Deformation behavior of as-rolled and strip-cast AZ31 magnesium alloy sheets. Mater Sci
Eng A 528, 5356–5365 (2011).
60. Zhang, J., Yu, Q., Jiang, Y. & Li, Q. An experimental study of cyclic deformation of extruded AZ61A magnesium alloy. Int J Plast 27,
768–787 (2011).
61. Yang, Q., Yu, Z., Dai, Q., Dong, H. & Jiang, B. Effect of multipass bending deformation on microstructure evolution and mechanical
properties of AZ31 alloy sheet. Mat Res 19, 322–327 (2016).
62. Sasaki, T. T., Yamamoto, K., Honma, T., Kamado, S. & Hono, K. A high-strength Mg-Sn-Zn-Al alloy extruded at low temperature.
Scripta Mater 59, 1111–1114 (2008).
63. Wenwen, D. et al. Microstructure and mechanical properties of Mg-Al based alloy with calcium and rare earth additions. Mater Sci
Eng A 356, 1–7 (2003).
64. Sandlöbes, S., Friák, M., Neugebauer, J. & Raabe, D. Basal and non-basal dislocation slip in Mg–Y. Mater Sci Eng A 576, 61–68
(2014).

Author Contributions

D.R., St.S., J.N. and M.F. designed the project. St.S., D.R. and S.K.-K. performed the experiments. J.N., M.F., Z.P.
performed the calculations. St.S., D.R., S.K.-K., J.N. and M.F. prepared the figures and wrote the manuscript.

Additional Information

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 Creative 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 permitted 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) 2017

Scientific REPOrtS | 7: 10458 | DOI:10.1038/s41598-017-10384-0

8

