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Excellent age hardenability 
with the controllable 
microstructure of AXW100 
magnesium sheet alloy
Sumi Jo1*, Lawrence Whitmore2, Sangkyu Woo1, Ainhoa Urrutia Aramburu1,3, 
Dietmar Letzig1 & Sangbong Yi1*

Age-hardenability and corresponding improvement of the mechanical properties of Mg–1Al–0.7Ca 
and Mg–1Al–0.7Ca–0.7Y alloy sheets are addressed with respect to the microstructure and texture 
evolution during thermomechanical treatments. A fine grain structure and weak texture with the 
basal pole split into the sheet transverse direction are retained in the Mg–1Al–0.7Ca–0.7Y sheet even 
after the homogenization at 500 °C, due to the grain boundary pinning by Y-containing precipitates 
possessing a high thermal stability. Contrarily, the Mg–1Al–0.7Ca sheet shows a coarse microstructure 
and basal-type texture after the homogenization. The peak-aged condition is attained after the 
aging at 250 °C for 1800 s of both homogenized sheets, while the Y-containing sheet shows a higher 
hardness than the Mg–1Al–0.7Ca sheet. TEM analysis and thermodynamic calculation show the 
formation of metastable precipitates composed of Al, Ca, Y and Mg in the Mg–1Al–0.7Ca–0.7Y 
sheet at the homogenized and peak-aged conditions. A significant increase in the yield strength is 
obtained in the peak-aged condition from 162 MPa after the homogenization to 244 MPa, which arises 
from the increased size and number density of the precipitates. The high age-hardenability of the 
Mg–1Al–0.7Ca–0.7Y sheet attributes to the superior mechanical properties with an improved ductility 
promoted by the weak texture.

Mg has a limited number of deformation modes activating at low temperature, and the formability of Mg sheet is 
determined depending on the grain orientations and their distribution; namely, crystallographic texture. Based 
on the texture control the formability of Mg sheet has been significantly improved in the last decade, and several 
Mg alloy sheets exhibit formability comparable to the 6000 series Al alloy sheet at room  temperature1,2. Highly 
formable Mg sheet alloys have been developed by altering the basal-type texture to diversely distributed grain 
 orientations3–7, which is attributed to the higher activation of non-basal deformation modes and restricted grain 
boundary motion during recrystallization  annealing8–10. It is well acknowledged that the texture weakening can 
be achieved by alloying the rare earth elements (RE) or Ca with simultaneous addition of Zn. Meanwhile, tex-
ture weakening brings out to increase the sheet formability by scarifying strength instead, that is known as the 
dilemma between strength and  formability11. Although several studies reported the great ductility or formability, 
such as the Erichsen index (I.E.) higher than 8.0 mm or fracture strain close to 30% at room temperature, in 
various Mg alloys containing Ca or RE the yield strength (YS) of the sheets is lower than 150 MPa12–14. Recently, 
a number of studies have been carried out to improve the YS and formability of Mg sheet at the same  time1,15–19. 
The improved YS of the developed Mg sheets are laid within the range between  20017,19 to 238 MPa1. Trang et al.18 
reported the AZMX3110 alloy sheet with high strength, 219 MPa of YS and high formability, 8 mm of I.E.. The 
segregated Ca and Zn elements at grain boundaries of the AZMX3110 sheet suppress its movement during 
recrystallization, and contribute to the formation of rather weak texture. The texture weakening is promoted by 
increasing the formation of Al–Mn primary particles and leaving more Ca as solutes via twin-roll casting and a 
higher Mn addition into the AZX310  alloy18. In addition, age-hardening is an effective way to improve the sheet 
strength when it achieves a sufficiently high peak-hardness in a short aging time, namely, high aging response. 
Bian et al.1 reported, in this regard, that the Ca and Zn solutes segregate into basal <a> dislocations, and thus 
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effectively hinder dislocation motion, resulting in bake-hardening of AZXM1110 alloy with 7.8 mm of I.E. in 
T4 condition and 238 MPa of YS at the peak-aged condition. Ca has become a key element for age-hardening, 
since its high affinity to other elements, such as Al and  Zn20. Indeed, a high age-hardenability was reported in 
the Ca-containing Mg–Al  based21–24 and Mg–Zn based  alloys25–28. Likewise, Y is also well acknowledged as an 
effective element for improving formability of Mg alloys by texture weakening in correlation with the change in 
stacking fault  energy29, and for improved strength via age-hardening30,31. In this regard, the role of Ca and Y on 
the age hardenability and texture evolution is examined by performing a comparative study of AX10 sheet from 
its Y-containing counterpart AXW100 alloy. The microstructural features of the both alloys were investigated by 
using a transmission electron microscopy (TEM) including high-resolution TEM and energy-dispersive X-ray 
spectroscopy (EDS), and thermodynamic calculation.

Results and discussion
Hardness evolution during the aging treatment at 250 °C of the homogenized AX10 and AXW100 sheets is 
plotted in Fig. 1. The time to reach the peak-hardness is 1800 s for both AX10 and AXW100 sheets, and peak-
hardness is 57 HV and 66 HV, respectively. The hardness value of the AXW100 sheet are higher than that of 
the AX10 sheet during the entire aging time as well as the homogenized state. The optical micrographs and 
the recalculated (0002) pole figures of the as-rolled and homogenized sheets are shown in Fig. 2. The as-rolled 
sheets of AX10 and AXW100 alloys have similar microstructure with twins, deformation bands and secondary 
phases (Fig. 2a,b). The secondary phases aligned along the rolling direction (RD) are  Mg2Ca phase in AX10, 
and  Mg2Ca and  Mg2Y phases in AXW100, which were not dissolved during the homogenization treatment of 
the cast materials. The thermal stability of these phases are also shown from the thermodynamic calculation, 
which indicates the corresponding phases are formed as primary phase at the equilibrium conditions (Fig. 7). 

On the other hand, the homogenized sheets show a distinct difference in the average grain sizes between the 
AX10 and AXW100 alloys, 65 µm and 13 µm , respectively. Grain coarsening occurs during the homogenization 
of the AX10 alloy, whereas the AXW100 alloy maintains the grain size almost similar to the as-rolled condition.

The recalculated (0002) pole figure of each sheet is presented in the inset into the corresponding optical 
micrograph. The as-rolled AX10 sheet shows the basal poles tilted towards the RD, while the AXW100 sheet 
additionally forms a basal pole spread along the transverse direction (TD). The development of the texture with 
basal pole spread is considered as a typical feature of RE-containing Mg  alloys32–34. The texture of the both sheets 
after the homogenization annealing show clear differences while the maximum pole densities of the (0002) pole 
figures are similar, P = 4.1 and 3.9 in AX10 and AXW100, respectively. The homogenized AX10 sheet shows a 
spotted distribution of basal texture, which is derived from the coarse microstructure as shown in Fig. 2c. The 
AX10 sheet shows a basal-type texture in which most basal pole is nearly parallel to the sheet normal direc-
tion (ND). The AXW100 sheet shows a weak texture with the basal poles evenly tilted from the ND towards 
the RD and TD. As many studies on sheet formability of Mg alloys have shown, especially in Mg–Zn–RE and 
Mg–Zn–Ca  alloys4,7,8,35,36, such weak texture with the tilted basal pole to the TD formed in the AXW100 sheet is 
to be beneficial for low temperature formability. The textures of the homogenized sheets are maintained during 
the aging treatment, as can be expected from the relatively low aging temperature and no visible change in the 
grain structure.

The tensile behaviors of the AX10 and AXW100 alloy sheets are plotted in Fig. 3a,b, respectively, and sum-
marized in Table 1. The YS of both alloy sheets are remarkably improved through the aging treatment along both 
RD and TD. The YS of the AX10 increases by aging treatment at 250 °C for 1800 s, which corresponds to the 
peak-aged condition, from 118 and 103 MPa to 169 and 151 MPa in the RD and TD, respectively. The lower YS of 

Figure 1.  Hardness of the investigated AX10 and AXW100 alloy sheets according to the isothermal aging 
treatment at 250 °C.
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Figure 2.  Optical micrographs and corresponding (0002) pole figures of (a,b) as-rolled and (c,d) homogenized 
AX10 and AXW100 alloys, respectively. Maximum pole densities of the (0002) pole density = 6.4, 7.0, 4.1 and 
3.9 m.r.d. (multiple of random distribution), respectively.

Figure 3.  Tensile properties of the homogenized and peak-aged (a) AX10 sheets and (b) AXW100 sheets 
along the RD and TD at room temperature. Red and blue curves indicates the curves of the investigated alloy 
sheets along the RD and TD, respectively. The solid and dotted lines present the curves of the homogenized and 
peak-aged alloy sheets, respectively. HT indicates the homogenized samples heat-treated at 500 °C for 3 h. PA 
indicates the peak-aged samples heat-treated at 250 °C for 1800 s following the homogenization treatment.
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the homogenized sheet along the TD than that along the RD can be understood by the texture of which the basal 
pole broadening toward the TD as shown in Fig. 2c. The AXW100 alloy sheet shows also a significant increase 
of the YS after the aging treatment, from 162 and 158 MPa to 244 and 239 MPa in the RD and TD, respectively. 
The yield anisotropy of the homogenized AXW100 is lower than that of the AX10 alloy sheet, which results from 
the relatively uniformly distributed basal poles in the AXW100 sheet, as presented in the Fig. 2d. The AXW100 
sheet shows more significant improvement of YS by the aging treatment as well as the higher fracture strain than 
the AX10 at the homogenized and peak-aged condition along the RD, 18% and 17%, respectively. The fracture 
strain of the peak-aged AXW100 is almost identical to that of the homogenized AXW100 sheet. That is, no 
sacrifice of ductility by age-hardening of the AXW100 sheet. Contrarily, the fracture strain of the homogenized 
and peak-aged AX10 along the RD is 15% and 11%, respectively, indicating the decreased ductility by the aging 
treatment. The homogenized AXW100 alloy shows not only the higher tensile properties and hardness value, 
but also the weaker texture with tilted basal poles towards the RD and TD in comparison to the AX10 alloy. The 
fine grain structure of the homogenized AXW100 alloy is responsible to these improved mechanical properties 
and weaker texture. 

The characteristic differences in the microstructure evolution between the AX10 and AXW100 sheets dur-
ing the aging treatment were investigated by using electron microscopy. TEM micrographs and EDS maps of 
the homogenized and peak-aged AX10 alloy are shown in Fig. 4a–f, respectively. The homogenized AX10 sheet 
shows clear diffraction contrast at the grain boundaries to the matrix as indicated by white arrows in Fig. 4a, 
which implies either intensive segregation of alloying elements or the presence of precipitates. The STEM image 
in the vicinity of grain boundary and the corresponding EDS maps for Mg, Al and Ca are illustrated in Fig. 4b,c. 
The segregation of Al and Ca is found along the grain boundary of the homogenized AX10 sheet. According 
to the previous  studies8,18, the boundary segregation of Ca and Zn in an ordered manner is energetically more 
stable and would hamper the grain boundary motion and, consequently, lead the texture weakening. The present 
results, however, indicate that the co-segregation of Al and Ca at grain boundaries inadequately hinders the 
boundary motion, such that the coarse grain structure and basal-type texture were formed in the homogenized 
AX10 (Fig. 2c).

The AX10 sheet at the peak-aged condition shows the round precipitates in the matrix and at the grain 
boundaries, which obviously leads to the age-hardening. Figure S2 in the supplementary material shows the 
microstructures of AX10 sheet before and after the aging treatment, which clearly indicates the microstructural 
difference caused by the aging treatment. In addition, Fig. S2b demonstrates the difference in size and number 
density between the newly formed precipitates during the aging and the secondary phases existing from the 
solidification process. The average size and number density of the precipitates in the peak-aged AX10 sheet are 
174.3 nm and 1.4× 1012  m−2 (Table 2). Precipitates formed at the peak-aged condition of the AX10 sheet are 
divided into two different phases. One consists of Mg, Al and Ca, and the other mainly of Al and Ca. Equilibrium 
phase fraction of the AX10 alloy from the thermodynamic calculation using Pandat  software37, Fig. 7a indicates 
the formation of  Al2Ca (C15) phases at the aging temperature. The precipitate found at the homogenized condi-
tion, marked with a white circle in Fig. 4b, consists of Mg, Al and Ca, indicating that the particle is (Mg,Al)2Ca 
(C36) phase. According to  Raghavan38 and Suzuki et al.39, C36 phase exists as an equilibrium phase and has an 
intermediate structure between  Mg2Ca (C14) and C15 phases. Based on the structural similarity between C36 
and C14 phases, it is plausible that C36 phase could exist with C14 phase during the homogenization treatment. 
Moreover, the C36 phase contributes also to the age-hardening. The EDS maps of the peak-aged AX10 sheet, 
Fig. 4e,f show the presence of both C36 and C15 phases. Interestingly, some precipitates have an inhomogene-
ous distribution of Mg and Al, such as the precipitate indicated with the white arrow in Fig. 4e. That is, one part 
of the particle seemed to be C36, and the other is C15 phase. This finding indicates that the C15 precipitates at 
the aged condition are either newly formed or transformed from C36 phases which exist at the homogenized 
condition, during the aging treatment at 250 °C.

The STEM image of the peak-aged AX10 sheet is demonstrated in Fig. 5a, and the EDS analysis was conducted 
on the precipitates marked with white arrows. The chemical compositions and the stoichiometry of Al and Ca of 
the marked precipitates are listed in Table 3. All analyzed precipitates consisted of Al, Ca and Mg. The amount of 
Mg are excluded due to the uncertainty of the measurement, because the matrix around the analyzed precipitates 
is included in the interaction volume of electrons. The point A, B, C and E presents the stoichiometry of Al and 
Ca is almost 2:1, indicating C15 phase. Similarly, the D, F and G with the stoichiometry of nearly 1:1, match to 

Table 1.  Grain sizes (GS) and yield strength (YS), ultimate tensile strength (UTS) and elongation (El) of the 
homogenized and peak-aged AX10 and AXW100 sheets along the RD and TD.

Samples GS ( µm)

YS (MPa) UTS (MPa) El (%)

RD TD RD TD RD TD

AX10

Homogenized 65 118 103 212 210 15 13

Peak-aged – 169 151 244 249 11 9

AXW100

Homogenized 13 162 158 243 251 18 13

Peak-aged – 244 239 298 299 17 11
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C36 phase. The above results indicate that the age-hardening in the AX10 sheet is contributed to the formation 
of C15 and C36 phases.

Figure 6 demonstrates the microstructure and corresponding EDS maps of the homogenized and peak-aged 
AXW100 alloys. The number density of precipitates of the homogenized and peak-aged AXW100 alloys are 
18.7× 1012 m−2 and 39.4× 1012 m−2 (Table 2). The number density of the precipitates increases more than 
double after the aging treatment at 250 °C for 1800 s. The precipitates show a bimodal distribution in size and, 
therefore, are divided into two groups based on the average size, 30.5 nm and 84.0 nm after the homogeniza-
tion and 59.6 nm and 100.7 nm at the peak-aged condition. These results indicate that the precipitates at the 
homogenized condition grow during the aging treatment in addition to the formation of more precipitates. 
That is, the increase in the number density with the simultaneous growth of the precipitates during the aging 
treatment significantly improves the hardness and YS of the AXW100 sheet (Fig. 3), according to the Orowan 
mechanism. The shorter distance between the precipitates and the larger size of the precipitates require higher 
stress for dislocations to pass through the precipitates, i.e. increase in the  YS40.

Figure 4.  TEM images of (a) the homogenized and (d) peak-aged AX10 alloy sheets. High-magnified STEM 
images and corresponding EDS maps of (b,c) the homogenized and (e,f) peak-aged AX10 alloy sheets for Mg, 
Al and Ca. The arrows in (a) indicate the contrast in vicinity of grain boundaries. The circles in (b,c) correspond 
to a C36 particle consisted of Mg, Al and Ca and the arrow in (e,f) indicates an inhomogeneous distribution of 
alloying elements in a particle.

Table 2.  Particle size and number density of the precipitates in the homogenized and peak-aged AX10 and 
AXW100 sheets, respectively.

Samples Particle size ( nm) Number density ( m−2)

AX10

Homogenized – –

Peak-aged 174.3 1.4× 10
12

AXW100

Homogenized 30.5 / 84.0 18.7× 10
12

Peak-aged 59.6 / 100.7 39.4× 10
12
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It is to mention that the homogenized AXW100 shows a slightly lower YS and, accordingly, a lower hardness 
value than that of the peak-aged AX10 sheet, 162 MPa and 169 MPa, respectively, even though a higher number 
density of the precipitates is determined in the former. To understand this interesting behavior, various factors 
that influence the mechanical properties are to be considered, in addition to the strengthening by the precipita-
tion. The effect of Y addition on the texture weakening and concurrent ductility increase is well acknowledged 
as a result of enhanced activation of non-basal deformation  modes32 and reduced stacking fault  energy29, and 
the corresponding results are found in the present study (Figs. 2b, 3b). In this context, the Y addition can con-
tribute to a relatively lower strength of the homogenized AXW100 sheet. Another factor which influences the 
mechanical strength is the interdistance and the size of precipitates. In the present study, the precipitates size in 
the homogenized AXW100 sheet varies from 18 to 130 nm and the average size of the lower 50% of all measured 
precipitates is 30 nm, and those in the peak-aged AX10 sheet are 62–293 nm and 87 nm. It can be, therefore, 
considered that the fine precipitates in the homogenized AXW100 sheet possess a relatively weaker ability to 
impede the dislocations motion due to the small size, in comparison to the peak-aged AX10 sheet. Similar cases 
were reported by Hidalgo-Manrique et al.41 that the MN11 extrudate showed the highest YS when the precipitates 
length became 150 nm through the annealing treatment. Robson and Paa-Rai42 reported that the hardness of the 
Mg–6 wt% Zn alloy could be improved in accordance with the increase of precipitates size from 50 to 250 nm 
by the aging treatment at 200 °C.

The STEM image and chemical compositions of the precipitates formed in the peak-aged AXW100 alloy are 
shown in Fig. 5b and Table 4. The EDS analysis indicates that the precipitates consist of Al–Ca–Y or Al–Ca–Y–Mg, 
which are not found in the thermodynamic calculation of the equilibrium condition (Fig. 7b). The stoichiometry 
among Al, Ca and Y of the analyzed precipitates, listed in Table 4, is ambiguous in comparison to the equilibrium 
phases, i.e.  Al2Ca,  Mg2Ca and  Al3Y, at the aging temperature of 250 °C calculated by thermodynamic calculation.

TEM images and corresponding HRTEM and selected area diffraction pattern (SADP) of a precipitate in the 
homogenized AX10 and AXW100 alloys are presented in Fig. 8a,b,d,e, respectively. The HRTEM and FFT pattern 
from the precipitate shown in Fig. 8a, are indexed as C36 in a hexagonal structure with the lattice  parameter39 
of a = 5.96 Å and c = 19.79 Å, and the orientation relationship (OR) to the Mg matrix is [0001]Mg//

[

12̄13̄
]

C36
 , 

(011̄0)Mg//(21̄1̄1)C36 . The SADP of the particle in the homogenized AXW100 alloy was identified as  Al4MgY 

Figure 5.  STEM images of the peak-aged (a) AX10 and (b) AXW100 sheet. The EDS results on the precipitates 
marked by arrows A to G in (a) and H to L in (b) are given in Tables 3 and 4, respectively.

Table 3.  Chemical composition (in at.%) of the precipitates in the peak-aged AX10 sheet indicated by white 
arrows in Fig. 5a, analyzed by STEM-EDS.

Point

Elements Stoichiometry

Al Ca Mg Al:Ca

A 14.72 5.99 79.28 5:2

B 40.03 17.33 42.64 40:17

C 11.20 5.12 83.68 11:5

D 11.89 10.04 78.07 6:5

E 33.89 20.01 46.10 17:10

F 8.86 11.58 79.56 3:4

G 15.24 14.90 69.86 1:1
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phase in a hexagonal structure with the lattice  parameter43 of a = 5.33 Å and c = 8.57 Å and OR is [0001]Mg // 
[011̄0]Al4MgY.

On the other hand, the HRTEM and corresponding FFT pattern of a particle in the peak-aged AX10 alloy, 
Figure 8c,f show the interplanar distances are 4.7 Å, 2.2 Å, and 2.2 Å and the interplanar angles between the 
planes are 76°, 30° and 75°, respectively. These values do not precisely match to the phases expected to be formed 
in the Mg–Al–Ca alloy system such as C14, C15 and C36 phases. The particle with size of 20 nm in Fig. 8c is 
much finer than that of the average size. Since the particle have insufficient size to take a stable structure, it might 
have a metastable structure, which are not be indexed. Likewise, the chemical composition of the particles in 
the homogenized and peak-aged AXW100 alloy sheets show the unclear matching results. The particles in the 
homogenized and peak-aged AXW100 alloy are composed of Al–Ca–Y and Al–Ca–Y–Mg deviate from the 
equilibrium composition. The size of the fine precipitates, especially newly formed precipitates in size range of 
20–35 nm in the homogenized AXW100 alloy sheet are similar to that of the particle in Fig. 8c, and, therefore, 
it is considered these particles have the metastable structure.

A diffusion coefficient of Y solute in Mg is approximately 100 times slower than that of Ca solute at 227 °C 
(500 K)44. The slow diffusion rate of Y solute contributes to the high thermal stability of the Y-containing phases, 
e.g.  Al4MgY, to make difficult to dissolve during the homogenization treatment. In addition, the mixing enthalpy 

Figure 6.  TEM images of (a) the homogenized and (d) peak-aged AXW100 alloy. High-magnified STEM 
images and corresponding EDS maps of (b,c) the homogenized and (e,f) peak-aged AXW100 alloy for Mg, Al, 
Ca and Y.

Table 4.  Chemical composition (in at.%) of the precipitates in the peak-aged AXW100 sheet indicated by 
white arrows in Fig. 5b, analyzed by STEM-EDS.

Points

Elements Stoichiometry

Al Ca Y Mg Al:Ca:Y

H 9.84 0.45 1.73 87.98 21:1:4

I 12.95 5.28 2.40 79.37 27:11:5

J 4.62 1.82 1.24 92.33 19:7:5

K 11.04 2.53 4.99 81.45 4:1:2

L 0.24 0.05 0.03 99.68 24:5:3
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of Al–Ca, Al–Y and Mg–Y are − 20 kJ/mol, − 38 kJ/mol and − 6 kJ/mol,  respectively20. Due to the lowest mix-
ing enthalpy of Al–Y, it can be also supposed that the precipitation of Al containing phase accompany with the 
segregation of Y solutes. These factors, i.e. low diffusion coefficient and high mixing affinity of Y to the other 
elements, additionally support the formation of the metastable phases containing Y deviating from the equilib-
rium composition in the AXW100 alloy.

Figure 7.  Equilibrium phase fraction of the AX10 and AXW100 alloys calculated using thermodynamic 
calculation software  Pandat37.

Figure 8.  TEM images showing the several precipitates in the homogenized AX10, AXW100 and peak-aged 
AX10 alloy sheets. (a,d) HRTEM image and FFT pattern along [0001]Mg axis of C36 particle in the homogenized 
AX10 sheet, (b,e) TEM bright field image and SADP of  Al4MgY particle in the homogenized AXW100 sheet, 
and (c,f) HRTEM image and FFT pattern of the particle in the peak-aged AX10 sheet.
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The equilibrium compositions of the matrix phase at the homogenization and aging temperatures were 
calculated for the AX10 and AXW100 alloys (Table 5). The results show that the amount of Al and Ca solutes 
dissolved in the matrix significantly decrease at the aging temperature. In other words, Al and Ca solutes mainly 
contribute to bring out the precipitation behavior at the aging temperature, i.e., formation of new precipitates and 
simultaneous thickening of the pre-existed metastable phases. As a result, the metastable phases in the homog-
enized and peak-aged AXW100 alloy sheet are formed by the collaborative behavior of Al, Ca and Y solutes, and 
they contribute to the improved aging response of the AXW100 alloy sheet.

According to the thermodynamic calculation in Fig. 7, it is clearly shown that the accumulated fraction of 
the secondary phases of the AXW100 alloy at the homogenization temperature is almost twice that of the AX10 
alloy. It corresponds to the larger number density of the precipitates in the homogenized AXW100 alloy, including 
the Y-containing fine precipitates formed at the grain boundaries, than that in the homogenized AX10 alloy, as 
shown in Figs. 4a and 6a. It is obvious that those fine precipitates play an important role to the grain boundaries 
pinning such that the relatively fine grain structure is maintained during the homogenization at 500 °C. Further, 
the fine precipitates play a role to weaken the basal-type texture or form the basal pole split towards the TD by 
restricting the movement of grain boundaries, supporting the present result regarding the texture formed in 
the homogenized AXW100 alloy. The fine grain structure in the AXW100 sheet assures the improvement of the 
mechanical properties, especially, without scarifying the ductility.

Conclusions
The tensile properties and microstructural evolution in relation to the age-hardenability and texture develop-
ment of the AX10 and AXW100 alloy sheet have been investigated in this study. In the AXW100 alloy, the grain 
boundary motion is effectively retarded during the thermomechanical treatment by thermally stable Y-containing 
precipitates. Consequently, a relatively fine grain structure is maintained in the AXW100 alloy even after the 
homogenization treatment at 500 °C and a weak texture with the basal pole split towards the TD is formed, 
contrary to the coarse microstructure with a basal-type texture in the homogenized AX10 sheet. The peak-
hardness of the AXW100 sheet is obtained after 1800 s of the aging treatment, accompanying the increase of YS 
from 162 to 244 MPa at the homogenized and peak-aged conditions, respectively. This improved YS is superior 
to the previously reported formable Mg  sheet1,12–14,17–19 (see Table S1 in the supplementary material for the 
comparison). As a result, the alloying addition of Y into the AX10 alloy bring about highly beneficial effects, 
in terms of the improved YS and ductility at the same time arise from the fine microstructure by Y-containing 
thermally stable particles and significant aging response by the collaborative interaction of Al, Ca and Y solutes 
as well as texture weakening.

Experimental procedure
 Mg–1Al–0.7Ca in wt% (AX10) and Mg–1Al–0.7Ca–0.7Y (AXW100) alloys were cast in an iron crucible under 
a protective atmosphere of Ar and  SF6 mixture. After pouring the melt, the crucible was quenched in water. The 
chemical compositions measured by spark optical emission spectroscope (spark OES) were Mg–1.25Al–0.60Ca 
and Mg–0.94Al–0.68Ca–0.64Y for the AX10 and AXW100 alloys, respectively. The as-cast macrostructures of 
the AX10 and AXW100 alloys are shown in Fig. S1 in the supplementary material. The average grain size of the 
AX10 and AXW100 alloys are 810 µm and 1750 µm , respectively. The rolling billets with a thickness of 10 mm 
were machined from the cast materials after the homogenization at 450 °C for 13 h, and then hot rolled at 450 °C 
to a final thickness of 1.2 mm with the step reduction degree of 10–20%. Intermediate annealing of the rolled 
sheet was conducted at 450 °C for 10 min prior to each rolling step. The rolled samples were solution treated 
at 500 °C for 3 h, and the aging treatments were performed at 250 °C up to 7200 s. Both heat treatments were 
conducted by using a fluidized sand furnace to ensure a homogeneous thermal distribution in the sample and 
precise annealing time. The hardness was measured using a Vickers hardness tester under a load of HV0.5 and 
was recorded as an average of 10 measurements at the longitudinal section of the aged sheet samples. Tensile tests 
were performed using the homogenized and peak-aged tensile samples with 40 mm in length and 18 mm in gauge 
length based on the DIN 50125, along the RD and TD at room temperature. The texture of the homogenized 
sheets was measured using a Panalytical X-ray diffractometer and Cu Kα radiation. The (0002) pole figures were 
recalculated using  MTEX45. Specimens for TEM analysis were mechanically ground to a thickness of 100 µm 

Table 5.  Calculated composition (in at.%) of the matrix for the AX10 and AXW100 alloys at equilibrium. The 
amount of Al, Ca and Y solutes dissolved in the matrix at the homogenization (500 °C) and aging (250 °C) 
temperature.

Samples

Elements

Al Ca Y

AX10

Homogenized 0.76 0.19 –

Peak-aged 0.11 0.0091 –

AXW100

Homogenized 0.46 0.24 3.85× 10
−3

Peak-aged 0.069 0.023 1.94× 10
−6
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then punched into a disk with 3 mm diameter. The disks were then electro-polished in a solution of 1.5%  HClO4 
with ethanol at − 30 °C, using a twin-jet polisher (Fischione, Model 110). TEM, STEM and EDS analysis were 
carried out using a JEOL JEM-F200 microscope.

Received: 21 September 2020; Accepted: 7 December 2020
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