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a b s t r a c t 

Magnesium (Mg) is the lightest structural metal. However, the poor formability of Mg alloys to great ex- 

tent limits their applications in making structural parts. Formability is strongly correlated to both high 

tensile elongation and large work hardening capacity. Here, we report a new Mg −Al −Ca alloy in which 

a majority of deformable Al 2 Ca precipitates form while the formation of Laves phases of Mg 17 Al 12 and 

Mg 2 Ca seems suppressed. Al 2 Ca precipitates impede dislocation motion, leading to large work hardening. 

Then, Al 2 Ca precipitates deform with dislocations and stacking faults under the enhanced flow stress, 

which relieve local stress concentration and improve tensile elongation. In addition, solutes Al and Ca 

suppress twin nucleation while promoting 〈 c + a 〉 dislocations in Mg. This new Mg −Al −Ca alloy demon- 

strates one of the highest combinations of tensile elongation and work hardening capacity among existing 

Mg alloys. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Magnesium (Mg) is the lightest structural metal. Commercial

Mg alloys such as AZ31 possess higher specific strength than most

aluminum alloys and steels [1] . Nonetheless, poor formability of

Mg at room temperature limits the widespread applications of this

metal [2] . Metal formability is generally correlated to tensile elon-

gation and work hardening. Elongation measures the strain limit

for a material to sustain uniaxial tension, while work hardening

represents the material’s resistance to necking [3] . Elongation of

commercial Mg alloys (e.g., AZ31) is typically 10% −15% along the

extrusion or rolling directions [4 , 5] . While the elongation of Mg

can be improved by grain refinement [6–9] , such efforts often re-

duce the work hardening. 

Addition of rare earth (RE) elements such as Y, Ce, Gd, and

Nd can enhance Mg’s formability by both weakening the texture

and activating non-basal slip [10–18] . When these alloys undergo

proper heat treatment, fine Mg-RE precipitates can form on pris-

matic planes, which effectively inhibit basal dislocations and en-

hance strength as well [19] . WE series alloys (Mg–Y–Nd) with

a combination of high strength and ductility are often used in
∗ Corresponding author. 
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erospace applications [20] . Despite the advantages of Mg–RE al-

oys, the limited availability of rare earth makes it too expensive

or general industries. Hence, RE-free Mg alloys are being searched

ontinuously. 

Ca, as a useful alloying element, has received more and

ore attention [21–23] . Recently, it has been found that a di-

ute co-addition of Al and Ca can enhance the elongation as

ell as the yield strength (YS) of Mg [24–26] . For example,

 Mg–1.0Al–0.1Ca (wt.%) rolled alloy shows elongation of ~20%

24] , which was attributed to the enhanced 〈 c + a 〉 activity. A

g −0.6Al −0.28Ca −0.25Mn (wt%) extruded alloy exhibits YS of

53 MPa at the peak-aged T6 condition because of the formation of

l −Ca-rich Guinier-Preston (G.P.) zones, which provides resistance

gainst dislocation motion [26] . In all those studies, Al and Ca were

ept below their solubility limits to prevent the formation of Laves

hases of Mg 17 Al 12 (A12, cubic structure) and Mg 2 Ca (C14, hexag-

nal structure), which are generally detrimental for the material’s

uctility. 

Herein, we report the development of a new Mg–6Al–1Ca

wt%) alloy that possesses both high elongation and strong work

ardening. By carefully controlling the alloy chemistry and pro-

essing procedures, the formation of Mg 17 Al 12 and Mg 2 Ca were

voided. Instead, precipitation of Al 2 Ca was found in its mi-

rostructure. Those Al 2 Ca precipitates are nonshearable but de-

ormable. As a result, this Mg −Al −Ca alloy demonstrates one of

https://doi.org/10.1016/j.actamat.2020.09.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.09.006&domain=pdf
mailto:leyunwang@sjtu.edu.cn
mailto:wly857@gmail.com
https://doi.org/10.1016/j.actamat.2020.09.006
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Fig. 1. A schematic of the in situ tensile test with synchrotron X-ray diffraction. 
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he highest combinations of tensile elongation and work hard-

ning capacity among existing Mg alloys. With its simple com-

osition, this new Mg alloy will be very attractive for industrial

pplications. 

. Experimental procedures 

Commercial-purity Mg (99.95%), Al (99.95%), and a Mg–20 wt%

a master alloy were used to prepare the Mg–6Al–1Ca (wt%) al-

oy. The raw materials were melted in an electric resistance fur-

ace at 750 °C under a protective atmosphere of CO 2 (99 vol.%)

nd SF 6 (1 vol.%) gas mixture. After refining, the melted liquid was

ooled to 730 °C and then cast into an ingot ( �60 mm × 120 mm).

he ingot was solution treated at 450 °C for 24 h, followed by

xtrusion at 250 °C with extrusion ratio = 18:1 and extrusion

peed = 2 mm s −1 . Calculation of phase fractions was performed

sing the Thermo-Calc TM 2020a software in conjunction with the

atabase TCMG5 (version 5.1). The calculation range is 0 to 700 °C,

ith an interval of 1 °C. 

In situ synchrotron X-ray diffraction experiment was performed

t the beamline 1–ID of the Advanced Photon Source (APS) at

rgonne National Laboratory. The X-ray energy was 71.68 keV

wavelength λ = 0.1730 Å), and the size of the beam was

50 μm × 150 μm. Fig. 1 shows the schematic of the in situ

xperiment, four area detectors (GE1, GE2, GE3, and GE4) were

laced approximately 2.6 m away from the specimen to collect the

iffraction data. Detector geometric parameters such as the detec-

or distance, detector tilt angles, and the beam center were cali-

rated using a CeO 2 standard sample by checking the radii and the

ccentricity of the diffraction rings. A flat dog-bone shaped ten-

ile specimen with a gage length of 5 mm and a cross-section of

.0 × 1.0 mm 

2 had been extracted from the Mg–6Al–1Ca extruded

ar, with the tensile axis being parallel to the extrusion direction.

uring the tensile test, the crosshead speed on the specimen was

onstant at 0.03 mm min 

−1 , equivalent to a nominal strain rate of

.0 × 10 −4 s −1 . The detectors recorded the diffraction patterns at

0 s to 65 s intervals during the tensile test. Diffraction patterns

rom the GE3 detector were used to analyze the lattice strain of

ifferent peaks; diffraction patterns from both GE2 and GE3 detec-

ors were used to analyze the full width at half maximum (FWHM)

f different peaks. 

The two-dimensional diffraction rings were integrated along the

zimuthal directions to one-dimensional diffraction profiles. Each

iffraction peak was fitted by a Gaussian function to extract its

eak position and FWHM. The d-spacing of the corresponding { h

 l } plane, d hkl , was calculated by the Bragg’s law: 

 hkl = 

λ

2 sin θ
(1) 
hkl 
here λ = 0.1730 Å is the X-ray wavelength and θhkl is the diffrac-

ion angle. Lattice strain, ɛ hkl is calculated as: 

 hkl = 

d 1 
hkl 

− d 0 
hkl 

d 0 
hkl 

(2) 

here d 0 
hkl 

and d 1 
hkl 

are the d-spacing of the { h k l } plane before

eformation and under certain strain, respectively. 

Transmission electron microscopy (TEM) was employed to char-

cterize the Al 2 Ca precipitates and the surrounding dislocation

onfiguration microstructure using a JEOL JEM–2100F instrument.

EM samples were twin-jet electropolished in a solution of ethanol

4% perchloric acid electrolyte at 30 V and −40 °C, followed by

on milling. Burgers vectors of the observed dislocations were an-

lyzed by the invisibility criterion g �b = 0. 〈 a 〉 type dislocations

re visible under the g = ( 10 ̄1 0 ) condition but invisible under the

 = (0 0 02) condition; 〈 c + a 〉 type dislocations are visible under

oth the g = ( 10 ̄1 0 ) and g = (0 0 02) conditions. Using the TEM

amples, transmission Kikuchi diffraction (TKD) was performed us-

ng a GAIA3 instrument (Tescan, Czech Republic). 

Slip trace analysis was also performed to statistically examine

he slip activity in the Mg phase. A flat dog-bone shaped tensile

pecimen with a gage dimension of 11 mm (length) × 4.0 mm

width) × 1.4 mm (thickness) was mounted in a MICROTEST 200 N

Deben, UK) module placed in a Zeiss Gemini scanning electron

icroscope (SEM) with an electron backscatter diffraction (EBSD)

ystem (Oxford Instrument, UK). The tension direction was also

arallel to the extrusion direction. The top surface of the specimen

ad been mechanically ground and electro-polished in ethanol –

0% perchloric acid electrolyte at 30 V for 150 s at −30 °C for

BSD characterization. After the initial EBSD scan, the specimen

as loaded at a crosshead speed of 0.1 mm min 

−1 , equivalent to a

ominal strain rate of 1.5 × 10 −4 s −1 . The test was paused at differ-

nt strains for secondary electron imaging and more EBSD scans of

he same surface region. Slip trace analysis was performed for the

bserved slip lines. A set of parallel slip lines in a given grain is

ssociated with dislocation glide on a particular slip plane. These

lip lines should be parallel to the intersection line between the

lip plane and the sample surface. Based on the grain orientation

easured by EBSD, we computed the directions of all possible slip

lanes in the sample coordinate system and drew their intersec-

ions with the surface plane. Comparing the computational result

ith the observed slip lines allowed us to infer the activated slip

ystem. More details of slip trace analysis can be found in [27] . 

. Results 

.1. Mg −Al −Ca alloy development and microstructure 

haracterization 

A Mg–6Al–1Ca (wt%) alloy (AX61) was obtained by the above

omogenization-extrusion procedure. Fig. 2 (a) shows our thermo-

ynamics calculation of the phase fractions as a function of tem-

erature for this composition using the Thermo-Calc TM software.

fter casting, the alloy was homogenized at 450 °C for 24 h and

hen extruded at 250 °C, as demonstrated in Fig. 2 (b). The cho-

en thermomechanical path prevented the formation of eutectic

12 Mg 17 Al 12 and C36 (Mg, Al) 2 Ca (dihexagonal structure) [26] . In-

tead, C15 Al 2 Ca (cubic structure) was the only type of precipitate

ound in the material, as revealed by synchrotron X-ray diffraction

 Fig. 3 (a, b)). 

Fig. 3 (a) shows the initial diffraction pattern of the AX61 ten-

ile specimen from the GE3 detector. After integrating the diffrac-

ion pattern along the azimuthal direction ( Fig. 3 (b)), all diffraction

eaks were identified either from Mg or Al 2 Ca. From the diffraction

rofile, the volume fraction of Al Ca is estimated to be 4.2% using

zgm900613
高亮
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Fig. 2. Alloy development . (a) Calculated phase fractions as a function of temperature for the Mg–6Al–1Ca (wt%) composition. (b) The thermomechanical processing path of 

the alloy. 

Fig. 3. Microstructure characterization of the AX61 alloy. (a) Synchrotron X-ray 

diffraction pattern of the AX61 alloy. (b) The resultant diffraction profile by inte- 

grating the diffraction pattern along the azimuthal direction over a range of 90 °. 
(c) Phase mapping by TKD to show Al 2 Ca precipitates in a Mg grain. Orientations 

of Al 2 Ca and the Mg grain are represented by unit cells and Euler angles. (d) Size 

distribution of the Al 2 Ca precipitates characterized by TKD. (e, f) Inverse pole figure 

(IPF) map and {0 0 02} pole figure of the Mg phase by EBSD. 
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the MAUD software [28] . Transmission Kikuchi diffraction (TKD)

was further taken to analyze a total of 29 Al 2 Ca precipitates from

15 Mg grains. Unlike many other precipitates with a definite orien-

tation relationship (OR) with respect to the surrounding Mg, those

Al 2 Ca are nearly random-oriented ( Fig. 3 (c)). The Al 2 Ca precipitates

are equiaxed with an average diameter of 0.63 μm ( Fig. 3 (d)). The

Mg phase exhibits a fully recrystallized microstructure with an av-

erage grain size of ~19 μm, as shown by the EBSD scan result in

Fig. 3 (e). The associated {0 0 02} pole figure ( Fig. 3 (f)) indicates that

the alloy has a moderate extrusion fiber texture (m.r.d. = 4.8). Due
o the relatively large step size (1 μm) for this EBSD scan, no Al 2 Ca

hase was indexed. 

.2. Tensile properties of the AX61 alloy 

Fig. 4 (a) shows the stress-strain curve of the AX61 alloy from

he in situ tensile test at beamline 1-ID of APS. The experimental

etup is illustrated in Fig. 1 . While the specimen displays a mod-

rate yield strength (YS) of 125 MPa, it shows tensile elongation

f 27% and ultimate tensile strength (UTS) of 260 MPa. The dif-

erence between UTS and YS can be taken as a measure of work

ardening capacity. Fig. 4 (b) and Table 1 compare the tensile elon-

ation and the UTS −YS values of different Mg wrought alloys. The

X61 alloy is located at the upper-right corner, indicating it has

etter formability than almost all other alloys. The only compa-

able alloy is Mg −1Mn −1Nd (wt%, MN11). The MN11 alloy has

 slightly smaller grain size (~15 μm) than AX61 (~19 μm), but

ts strength (YS = 105 MPa, UTS = 240 MPa) is lower than AX61

YS = 125 MPa, UTS = 260 MPa). Besides, the MN11 alloy contains

n expensive rare earth element of Nd. Therefore, the AX61 alloy

s overall superior to MN11. 

.3. Deformation mechanisms in AX61 

Debye rings of the Mg { 11 ̄2 0 } peak around the tensile direction

t the strains of 0% and 25% are shown in Fig. 5 (a). The discrete

iffraction spots at 0% strain became connected due to the accu-

ulated dislocations after 25% strain. The Debye rings were inte-

rated into one-dimensional profiles over a range of ±5 ° around

he tensile direction, which is called the axial diffraction profile.

ig. 5 (b) shows the Mg { 11 ̄2 0 } peak from the axial diffraction pro-

le. The peak position shifted towards smaller 2- θ values, indicat-

ng an increase of the d-spacing of the Mg { 11 ̄2 0 } plane. 

Lattice strains associated with the Mg { 11 ̄2 0 } peak and other

eaks can be computed from the peak shifting using Eq. (2) .

ig. 5 (c, d) show the evolution of lattice strains of different Mg

nd Al 2 Ca peaks as a function of the macroscopic strain. For the

g phase, its { 10 ̄1 1 } , { 10 ̄1 2 } , { 10 ̄1 3 } peaks exhibited lower lat-

ice strains than { 10 ̄1 0 } and { 11 ̄2 0 } , indicating that basal slip is

asier than prismatic slip to be activated in this material [42] .

or the Al 2 Ca phase, lattice strains of its {222}, {422}, {511}, and

440} peaks are slightly higher than the Mg { 10 ̄1 0 } and { 11 ̄2 0 }
eaks. The Young’s modulus of Al 2 Ca is approximately 103 GPa

45] , which is more than twice that of Mg (45 GPa). Therefore, the

l 2 Ca phase bears more stress than the Mg phase. To further ana-

yze the stress partitioning between Mg and Al 2 Ca, lattice strains

f different peaks in both phases were plotted as a function of

he applied stress in Fig. 5 (e, f). In the elastic deformation stage,
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Fig. 4. Tensile properties of the AX61 alloy. (a) Engineering stress-strain curve of the AX61 alloy. (b) Comparison of the elongation and UTS −YS values of different Mg 

wrought alloys. Detailed data are listed in Table 1 . 

Table 1 

Tensile properties and grain size of different Mg wrought alloys. 

Composition (wt.%) Processing path Grain size ( μm) UTS (MPa) YS (MPa) Elongation Ref. 

Mg Extrusion 25 130 73 0.06 [29] 

Mg Extrusion + annealing 21 169 125 0.062 [30] 

Mg Rolling + annealing 14 185 ∗ 132 0.055 [9] 

Mg Extrusion 19 153 85 0.079 [31] 

Mg-0.99Al Extrusion + annealing 40 248 156 0.107 [32] 

Mg-0.1Ca Rolling + annealing 45 168 99 0.16 [33] 

Mg-0.4Ca Rolling + annealing 57 175 102 0.074 [33] 

Mg-0.47Ca Extrusion 35 162 95 0.18 [27] 

Mg-0.2Zn Rolling + annealing 22 170 ∗ 85 0.07 [34] 

Mg-1.1Zn Rolling + annealing 25 195 ∗ 100 0.14 [34] 

Mg-3Al-1Zn Extrusion 13 275 ∗ 215 0.13 [35] 

Mg-3Al-3Sn Rolling + annealing 41 223 127 0.16 [36] 

Mg-0.3Zn-0.1Ca Rolling + annealing 58 182 92 0.24 [33] 

Mg-6Zn-0.36Ca Extrusion 14 276 169 0.21 [37] 

Mg-1.9Zn-1.0Mn Extrusion 18 251 171 0.137 [38] 

Mg-1.1Al-0.24Ca Extrusion + annealing 29 191 95 0.123 [39] 

Mg-1Al-0.1Ca Rolling + annealing 35 220 105 0.19 [24] 

Mg-2.73Al-0.34Ca-0.44Mn Extrusion + annealing 13 267 188 0.18 [25] 

Mg-0.6Al-0.28Ca-0.25Mn Extrusion 27 232 165 0.14 [26] 

Mg-0.2Ce Rolling + annealing 25 220 ∗ 110 0.17 [40] 

Mg-0.1Y Extrusion + annealing 23 190 130 0.31 [41] 

Mg-1Y Extrusion + annealing 21 180 105 0.35 [41] 

Mg-5.1Y-2.4Zn Extrusion 10 285 177 0.167 [42] 

Mg-1Mn-1Nd Extrusion 15 240 105 0.28 [43] 

Mg-5Y-1.6Nd-2.6RE Extrusion 17 273 ∗ 170 0.185 [44] 

Mg-6Al-1Ca Extrusion 19 260 125 0.27 This work 

∗ We converted the true stress-strain curves to engineering stress-strain curves to obtain those UTS values. 
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attice strains in both phases increased linearly with the applied

tress. At about 125 MPa, lattice strains of Mg { 10 ̄1 2 } and { 10 ̄1 3 }
eaks decreased while lattice strains of all Al 2 Ca peaks increased

ubstantially, indicating load transfer from the Mg matrix to Al 2 Ca

recipitates. 

Deformation also broadened the peaks (see Fig. 5 (b)). To quan-

ify peak broadening, the patterns should not be integrated over a

arge azimuthal range of 90 °, as the deviation in lattice strain along

ifferent sam ple directions will cause artifacts in the com puted

WHM [46–48] . Instead, the two-dimensional diffraction pattern

as caked into 10 ° azimuthal slices from the axial direction (0 °) to
he transverse direction (90 °). Each slice was then integrated into

ndividual 1D profiles. Those profiles were fit with Gaussian func-

ions to obtain the FWHM and integrated intensity of each peak of

nterest. The FWHM results were averaged over all measured az-

muthal slices using integrated intensity weighting. Fig. 5 (g) shows

hat the FWHMs of Mg peaks increased moderately with strain as

he result of dislocation accumulation. In contrast, FWHMs of Al 2 Ca

eaks increased much more rapidly with strain ( Fig. 5 (h)), indicat-

ng ultrahigh microstrains in Al 2 Ca precipitates. Similar behaviors
ere previously observed in an age-hardened Mg −2.2wt%Nd alloy

ith abundant Mg 3 Nd precipitates [49] . In that alloy, the Mg 3 Nd

recipitates can be sheared by basal dislocations, which causes the

arge internal microstrain. 

Deformation in the Mg phase was further studied by surface

lip trace analysis. Fig. 6 (a, b) shows the IPF map and correspond-

ng SEM image of a small area from the specimen used in the in

itu SEM/EBSD test after 4% strain. Deformation twins are rarely

bserved, so almost all grains were deformed by slip. From the

lip trace analysis, basal slip is the dominant deformation mode,

hile prismatic, pyramidal I, and pyramidal II slip lines were also

ccasionally found. Slip trace analysis was then performed in a

arger area with 176 grains. At 4% strain, about 80% of the ob-

erved slip traces belong to basal slip. Most non-basal slip traces

nitiated from grain boundaries ( Fig. 7 ). Notably, pyramidal II slip

races, which are associated with 〈 c + a 〉 dislocations were ob-

erved in AX61 at this early deformation stage. In contrast, our pre-

ious study of as-extruded Mg −0.47wt%Ca and AZ31 alloys showed

o pyramidal II slip traces at 4% strain [27] . Those 〈 c + a 〉 disloca-

ions are critical for the high formability of the AX61 alloy. 
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Fig. 5. Analysis of the diffraction peaks of Mg and Al 2 Ca. (a) Debye rings of the Mg { 11 ̄2 0 } peak near the tensile direction at strains of 0% and 25%. (b) Integrated diffraction 

profiles around the tensile direction over a range of ±5 ° near the Mg { 11 ̄2 0 } peak. (c, d) Lattice strain evolution of different peaks in Mg and Al 2 Ca along the tensile (axial) 

direction. (e, f) Lattice strain as a function of the applied stress of different peaks in Mg and Al 2 Ca along both the axial and the transverse directions. (g, h) FWHM evolution 

of Mg and Al 2 Ca peaks. 
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TEM analysis was performed to characterize the deformation of

Al 2 Ca precipitates. Unlike Mg 3 Nd, we did not observe any Al 2 Ca

precipitate being sheared by dislocations. Instead, dislocations and

{111} stacking faults were observed in many Al 2 Ca precipitates

after only 2% and 4% strain, as shown in Fig. 8 (a, b). Those
islocations and stacking faults developed inside Al 2 Ca precipi-

ates would induce heterogeneous microstrain and cause diffrac-

ion peak broadening (see Fig. 5 (h)), especially for the {222} peak. 

Since Al 2 Ca precipitates do not hold a certain orientation re-

ation with the Mg matrix, slip transmission for dislocations from



G. Zhu, L. Wang and J. Wang et al. / Acta Materialia 200 (2020) 236–245 241 

Fig. 6. Surface slip trace analysis. (a) Grain orientations from a small region by EBSD measurement. (b) The slip traces observed at 4% strain were marked according to the 

identified slip systems. (c) Statistics of the identified slip activity in AX61, Mg–0.47 wt% Ca, and AZ31 at 4% strain. (d) {0 0 02} pole figures of the three extruded alloys. 

Fig. 7. Non-basal slip traces often initiated from grain boundaries: (a, d) prismatic slip, (b, e) pyramidal I slip, and (c, f) pyramidal II slip. 
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atrix into precipitates would be difficult. It is expected that the

o-called geometrically necessary dislocations (GNDs) would form

round those Al 2 Ca precipitates [50] . This hypothesis was actually

onfirmed by TEM observations. An example is shown in Fig. 9 .

islocations visible at the g = ( 10 ̄1 0 ) condition are 〈 a 〉 dislocations

n the basal plane, while dislocations visible at the g = (0 0 02)

ondition are 〈 c + a 〉 dislocations. Three 〈 c + a 〉 dislocations ap-

arently nucleated from the lower-left Al 2 Ca precipitate into the

djacent Mg matrix. Those 〈 c + a 〉 dislocations likely formed to

ccommodate stress concentration near the Mg/Al Ca interface. 
2 
. Discussion 

Here, we compare the tensile properties of the AX61 alloy

YS = 125 MPa, UTS = 260 MPa, elongation = 27%) with a con-

entional AZ31 alloy [51] (YS = 173 MPa, UTS = 238 MPa, elon-

ation = 12%). The two extruded alloys are similar in grain size

19 μm vs 21 μm) and texture strength (4.8 m.r.d vs 3.8 m.r.d), so

he difference in their tensile properties must be attributed to the

eformation mechanisms. YS of AX61 is lower than that of AZ31

y about 48 MPa. From Fig. 6 (c), basal slip dominates the early
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Fig. 8. Deformation of Al 2 Ca by TEM observation. (a) Two-beam dark-field (TBDF) image of an Al 2 Ca precipitate at 2% strain, taken along the [011] zone axis under g = ( 02 ̄2 ) 

condition, which shows dislocations inside this Al 2 Ca precipitate. (b) TBDF image of another Al 2 Ca precipitate at 4% strain, taken along the [011] zone axis under g = ( 11 ̄1 ) , 

which shows stacking faults inside this Al 2 Ca precipitate. 

Fig. 9. Dislocation analysis near an Al 2 Ca /Mg boundary. (a) TBDF image taken along the [ 1 ̄2 10 ] zone axis under g = ( 10 ̄1 0 ) condition. (b) TBDF image taken along the 

[ 1 ̄2 10 ] zone axis under g = (0 0 02) condition. 
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deformation stages in both AX61 and AZ31. Therefore, the YS of

AX61 being lower must be attributed to the softening of basal slip,

which is likely caused by solute Ca in relative to solute Zn. Cihova

et al. [26] showed that in a peak-aged Mg −0.6Al −0.28Ca −0.25Mn

(wt%) extruded alloy, YS can be as high as 236 MPa. In that alloy,

ordered monolayer G.P. zones with Al:Ca = 2 and average plate di-

ameter of 3.6 nm were formed on the basal plane. The G.P. zones

had a high number density to effectively block basal dislocations;

it was estimated that the G.P. zones increase the YS by 66 MPa. In

the present AX61 alloy, the Al 2 Ca precipitates have an average di-

ameter of 0.63 μm, which is two orders of magnitude larger than

the G.P. zones. Thus, the initial strengthening effect of Al 2 Ca should

be very limited. 

After yielding, however, the AX61 alloy displayed strong work

hardening and high elongation. Work hardening generally arises

from the increase of dislocation density, ρ . According to the Kocks-

Mecking theory [52] , the dislocation density evolution in the plas-

tic deformation stage can be described by the following equation:

∂ρ

∂ ε P 
= k 1 ρ

1 
2 − k 2 ρ + k D (3)

where ɛ P is the plastic strain, k 1 , k 2 and k D are constants. On the

right hand side of Eq. (3) , the first term represents the statistical

storage of dislocations. The second term is the dynamic recovery

term, which depends on strain rate and solute concentration. The

third term is related to the geometrically necessary dislocations

(GNDs) formed around nonshearable precipitates [53] . Since Al 2 Ca

is nonshearable, the 〈 c + a 〉 dislocations in Fig. 9 are essentially

GNDs. Nucleation of GNDs around Al 2 Ca increases the total dislo-

cation density and cause the strong work hardening in the AX61

alloy. On the other hand, because Al Ca precipitates are internally
2 
eformable, stress concentration at the Mg/Al 2 Ca interface can be

uickly relieved, so the material can maintain high ductility. 

The plastic deformation of Al 2 Ca is also worth discussion. Al 2 Ca

as the C15 cubic structure. The atomistic coordinates of Al and Ca

re 8a (0.125, 0.125, 0.125) and 16d (0.50, 0.50, 0.50), respectively,

aking the C15 structure similar to the FCC structure. The lattice

onstant of Al 2 Ca is 0.801 nm [54] . The Burgers vector length of

he {111} < 110 > slip system is about 0.57 nm in Al 2 Ca, which is

omparable to the Burgers vector length of 〈 c + a 〉 dislocations

~0.61 nm) in Mg. 

High tensile elongation is usually achieved in those Mg alloys

ith rare earth solutes [8 , 10 , 11 , 13 , 15 , 16] . Rare earth solutes can

andomize the extrusion/rolling texture, suppress twin nucleation,

nd make non-basal slip more active, all of which are beneficial for

aterial ductility. From Fig. 6 (d), this AX61 alloy displays a mod-

rate extrusion texture. In situ EBSD was conducted for the AX61

lloy at 0, 1%, 2%, 4%, 8%, and 16% strains ( Fig. 10 ). Twin volume

ractions at different strains were measured and summarized in

ig. 11 . After 16% strain, only 1.5% of the volume became twins. For

omparison, the Mg −0.47Ca alloy previously studied in [27] devel-

ped more twins. Therefore, deformation twining is suppressed in

X61. 

Finally, pyramidal 〈 c + a 〉 slip lines were found in this AX61

lloy ( Fig. 6 (c)). In pure Mg, 〈 c + a 〉 dislocations are difficult to

lide because of the pyramidal-to-basal transition [55] . Rare earth

olutes, such as Y, can make 〈 c + a 〉 dislocations glissile by accel-

rating cross-slip of 〈 c + a 〉 dislocations between pyramidal I and

I planes [15] . Through first-principles computations, Ahmad et al.

56] recently found that 2 at% Al and 0.06 at% Ca solutes together

an potentially promote the above cross-slip of 〈 c + a 〉 disloca-

ions. That theory can account for the enhanced 〈 c + a 〉 slip in

his AX61 alloy. By accommodating c-axis plastic deformation and
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Fig. 10. Inverse pole figure maps and {0 0 02} pole figures at different tensile strains for AX61 and Mg-0.47Ca. 

Fig. 11. Twin volume fractions at different tensile strains for AX61 and Mg −0.47Ca. 
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lleviate stress concentration at grain boundaries, the activation of

 c + a 〉 slip often improves the tensile elongation of Mg [13 , 24] .

sing micromechanical tests, Liu et al. [57 , 58] demonstrated that

he glide of 〈 c + a 〉 dislocations significantly increases the flow

tress in Mg during deformation, which may be another reason for

he large work hardening in the AX61 alloy. 

A few experimental studies using atom probe tomography (APT)

21 , 59] and high-angle annular dark-field scanning transmission

lectron microscopy (HAADF-STEM) [60] show that Ca, like some

are earth elements, tend to segregate at grain boundaries and

win boundaries. First-principle calculations also suggest that Ca

as one of the largest grain boundary/twin boundary segregation

nergy [61] . Somekawa et al. [62] recently observed that non-basal

islocations often nucleate from grain boundaries in Mg −Y and

g −Ca, and they proposed that the grain boundary segregation of

 and Ca can activate non-basal dislocations. In the present AX61

lloy, grain boundaries are the primary nucleation sites of non-

asal slip. In fact, 75% of the prismatic slip traces, 85% of the pyra-
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Fig. 12. Schematic of the deformation mechanisms in the AX61 alloy. 
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midal I slip traces, and 100% of the pyramidal II slip traces initi-

ated from grain boundaries. Those non-basal slip may be caused

by grain boundary segregation of Ca. 

A schematic of the deformation mechanisms in AX61 is shown

in Fig. 12 . Upon yielding, basal slip was first activated in Mg. Dis-

location pile-up at the Al 2 Ca/Mg interfaces generates GNDs. Al 2 Ca

deformed subsequently by dislocation slip or stacking faults on

the {111} plane. Non-basal dislocations are generated from grain

boundaries due to the segregation of Ca. The nonshearable but de-

formable Al 2 Ca, along with the enhanced 〈 c + a 〉 dislocation activ-

ity are responsible for the large work hardening and high tensile

elongation of this material. 

5. Conclusions 

In this work, we designed an extruded Mg–6Al–1Ca (wt%) alloy,

AX61. This alloy displays one of the highest combinations of ten-

sile elongation (~27%) and work hardening (UTS – YS = 135 MPa).

In situ synchrotron X-ray diffraction and electron microscopy were

employed to study the deformation of this alloy. The main conclu-

sions are summarized as follows: 

(1) The AX61 alloy shows a moderate extrusion texture and a

fully recrystallized microstructure with a mean grain size of

~19 μm. The alloy contains Al 2 Ca precipitates with a volume

fraction of ~4.2% and average diameter of 0.63 μm. 

(2) During deformation, basal slip is the main deformation

mode while twining is suppressed in the Mg phase. Non-

basal slips, especially pyramidal II 〈 c + a 〉 slip can be acti-

vated from grain boundaries at the early deformation stage.

The activation of non-basal slip systems, which is attributed

to solute Al and Ca, enhances the ductility of this alloy. 

(3) The Al 2 Ca precipitates are nonshearable by dislocations in

Mg, but they can deform plastically by forming internal

dislocations and stacking faults. Stress concentration at the

Mg/Al 2 Ca interface can be quickly relieved by the internal

plasticity of Al 2 Ca, so the material can maintain high ductil-

ity. 

(4) Nucleation of geometrically necessary dislocations (GNDs)

around Al 2 Ca increases the total dislocation density, and it

leads to the strong work hardening of this alloy. 
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