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Abstract 1 

Cast Al-Mg alloys with high Mg content have attracted considerable interest as a result of 2 

exceptionally low mass density and enhanced Mg solid-solution strengthening effect. However, 3 

poor ductility in this class of cast Al-Mg alloys originating from the increased amount of brittle 4 

Al3Mg2 phase presents a challenge. This work aims to improve ductility of a cast Al-10wt.%Mg 5 

alloy by prolonging time and/or increasing temperature during solid-solution treatment, hence 6 

minimizing the amount of the Al3Mg2 phase. The amounts of Al3Mg2 decrease and the 7 

concentrations of solute Mg increase with prolonging time and/or increasing temperature, 8 

improving both ductility and strength. Solid-solution treatment at 425 C for 9 h or at 438 C 9 

for 3 h induces complete dissolution of the Al3Mg2 phase, achieving an average uniform 10 

elongation of ~27% accompanied by an average 0.2% offset yield strength of 186 MPa. The 11 

mechanisms improving both ductility and strength are discussed. 12 

Keywords: Aluminum alloys; Casting; Ductility; Strength; Solid-solution treatment. 13 

 14 

1. Introduction 15 

Cast Al alloys represent a class of Al alloys that are processed by either casting only or 16 

casting combined with subsequent heat treatment [1,2]. Simplistic operations and short 17 

processing routes for cast Al alloys yield low production costs. Currently, cast Al alloys have 18 

been widely used as structural components in aircrafts and ground transportation vehicles due 19 

to low production costs and low mass densities, the latter effectively promoting energy 20 

conservation and gas emission reduction [1-4]. Among various cast Al alloys, Al-Mg alloys 21 

have received particular attention due to lower mass density and better corrosion resistance as 22 

compared with those of other cast Al alloys [1,2,5]. Over the past few decades, cast Al-Mg 23 

alloys with high Mg contents ranging from 10 to 40 wt.% have achieved sporadic attention 24 

[1,5-13]. The development of cast Al-Mg alloys with high Mg content is stimulated by the 25 
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desire to further reduce mass densities [6,14] and simultaneously to improve strength by 1 

enhancing the solid-solution strengthening effect of Mg [7,14,15]. Inspection of the published 2 

studies [1,7,10], however, indicates that poor ductility in cast Al-Mg alloys with high Mg 3 

content poses a challenge for their widespread applications.  4 

Poor ductility may primarily be attributed to the increased amount of brittle Al3Mg2 phase 5 

stemming from a eutectic reaction (liquidAl+Al3Mg2) during solidification [16]. Although 6 

Al-Mg alloys with Mg contents from 10 wt.% to maximum solubility (17 wt.%) do not undergo 7 

the eutectic reaction according to the Al-Mg binary equilibrium phase diagram [16], Mg 8 

enrichment in remaining liquid phase due to solute partition during the actual solidification 9 

process still causes the divorced eutectic reaction [17,18]. In an effort to improve ductility of 10 

cast Al-Mg alloys with high Mg content, solid-solution treatment (SST) at the temperatures 11 

corresponding to a single-phase solid solution is usually implemented to dissolve the Al3Mg2 12 

phase into the Al matrix [1,7,19,20]. For example, after SST at 425 C (the temperature range 13 

of 360-515 C corresponding to a single-phase solid solution) for 1 h, elongation of the cast 14 

Al-10 wt.%Mg alloy can reach 16% with a yield strength (YS) of 180 MPa and ultimate tensile 15 

strength (UTS) of 330 MPa, and these data have been well-documented in the literature [1,19]. 16 

In order to improve service reliability of the cast Al-10 wt.%Mg alloy, it is desirable to further 17 

enhance its ductility. Although a small amount of Al3Mg2 phase is still present in Al-10 18 

wt.%Mg alloy solid-solution treated (SST-ed) at 425 C for 1 h [1,5,19], this alloy content 19 

should exhibit a single-phase solid-solution situation in the temperature range of 360-515 C 20 

according to the phase diagram [16]. From this, two questions could be raised. First, is it 21 

possible to completely dissolve the Al3Mg2 phase by prolonging time and/or increasing 22 

temperature during SST, further increasing ductility of the cast Al-10 wt.%Mg alloy? Second, 23 

with enhanced solid-solution strengthening by increasing solute Mg concentrations but reduced 24 

grain boundary (GB) strengthening due to grain growth, how does SST with prolonged time 25 
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and/or increased temperature affect strength of the cast Al-10 wt.%Mg alloy? In view of the 1 

aforementioned discussion, the objectives of the present study are two-fold: 1) to explore the 2 

feasibility of a complete dissolution of the Al3Mg2 phase, maximizing ductility of the cast Al-3 

10wt.%Mg alloy, and 2) to investigate the effect of prolonged time and/or increased 4 

temperature during SST on strength of the cast Al-10 wt.%Mg alloy.    5 

 6 

2. Experimental 7 

Elements Al and Mg with purity of >99.5 wt.% were used to prepare the Al-10 wt.%Mg 8 

alloy. The weighted elements Al and Mg were melted by induction heating and the Al-9 

10wt.%Mg alloy was cast into a non-preheated cylindrical steel mold with inner diameter of 10 

60 mm and length of 240 mm without the addition of inoculants. The composition of the as-11 

cast alloy was determined via chemical analysis as follows (wt.%): Mg 9.75, Fe 0.05, Si 0.22, 12 

Zn 0.04, Cu 0.02 and Al balance. In order to study the effects of prolonging time and increasing 13 

temperature during SST on dissolution of Al3Mg2 phase, the documented solid-solution 14 

processing parameters of cast Al-10 wt.%Mg alloy in Ref. 1, i.e., 425 C for 1 h, were taken as 15 

a baseline. In the study of the effect of prolonging time, the same solid-solution temperature as 16 

that in Ref. 1, i.e., 425 C, was selected, and the as-cast materials sectioned from the ingots 17 

were SST-ed at 425 C for 1, 3 and 9 h, followed by quenching into 40 C water. To investigate 18 

the effect of increasing temperature, the solid-solution temperature was chosen to be higher 19 

than 425 C but lower than the eutectic temperature of 450 C, given Mg inter-dendritic 20 

segregation that results in melting in some local regions of the as-cast Al-10wt.%Mg alloy at 21 

the solid-solution temperatures above 450 C. To avoid the melting risk, in the present study 22 

the increased solid-solution temperature was arbitrarily selected as the halfway temperature, 23 

i.e., 438 C, between 425 C and 450 C, and the as-cast materials taken from the ingots were 24 

SST-ed at 438 C for 1 and 3 h, and then also quenched by 40 C water. The Al3Mg2 phase in 25 
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the as-cast alloy was identified using energy dispersive spectrometry (EDS) equipped with a 1 

FEI Quanta FEG 250 scanning electron microscopy (SEM) operated at 20 kV. The Al3Mg2 2 

phase in the as-cast and SST-ed alloys were also examined using secondary electron imaging 3 

(SEI) obtained with the above FEI Quanta FEG 250 SEM operated at 20 kV. Grain sizes in 4 

those SST-ed alloys were studied using a Leica DM2500 M optical microscopy (OM) under 5 

polarized light. Since dendrites can also be revealed by polarized light, rendering it difficult to 6 

correctly recognize grain contours, the grain size in the as-cast alloy was investigated using 7 

electron backscatter diffraction (EBSD) in the aforementioned FEI Quanta FEG 250 SEM 8 

equipped with an Oxford EBSD detector. EBSD analysis was conducted under the following 9 

parameters: acceleration voltage 20 kV, working distance 15 mm, tilt 70, and scanning step 6 10 

m. EBSD data were processed using the HKL channel 5 OIM software. X-ray diffraction 11 

(XRD) analysis was also performed on the as-cast and SST-ed alloys in a Bruker D8 Advance 12 

diffractometer using Cu Kα radiation with scanning rate of 0.4 per minute. Tensile tests were 13 

conducted at room temperature under an initial strain rate of 5  10-4 s-1 using an Instron-5966 14 

Tester equipped with a video extensometer. During tensile tests, the strains in the gauge sections 15 

were accurately measured by the video extensometer. Herein dog-bone shaped specimens with 16 

a gauge length of 10 mm and a cross-section of 2.5 mm  0.5 mm were used. For the 17 

consistence of measured results, more than three specimens were tested for each type of as-cast 18 

and SST-ed alloys. After tensile tests, fracture surfaces were observed using SEI obtained with 19 

the preceding FEI Quanta FEG 250 SEM operated at 20 kV.  20 

 21 

3. Results 22 

Fig. 1 shows the SEM microstructures of the Al-10 wt.%Mg alloys as-cast and SST-ed. 23 

Careful inspection of a series of SEM SEI micrographs of the as-cast and SST-ed Al-10wt.%Mg 24 

alloys reveals porosity of approximately 0.5-0.8% in volume fraction with pore sizes smaller 25 
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than approximately 2-4 m. The as-cast Al-10wt.%Mg alloy contains a high volume fraction 1 

of inter-dendritic second-phase particles, most of which exhibit curved-plate geometry as 2 

pointed by the arrows in Fig. 1a1. As shown in Fig. 1a2, the typical result of EDS quantitative 3 

analysis on the second-phase particles in Fig. 1a1 indicates that the particles include only Al 4 

and Mg with approximately 3:2 of the ratio of Al to Mg atomic percentages. Thus, the second-5 

phase could be identified as Al3Mg2. As shown in Fig. 1a3, statistical analysis of randomly 6 

selected Al3Mg2 particles in a series of SEM SEI micrographs indicates that the intercepted 7 

lengths of the curved-plate shaped Al3Mg2 particles in the observed plane, which critically 8 

affect stress concentration and cracking, fall in the range of 5 - 260 m with average 9 

intercepted length of 35 m in the as-cast Al-10 wt.%Mg alloy. After SST at 425 C for 1 h, 10 

the volume fraction of the Al3Mg2 phase decreases significantly as a result of dissolution; 11 

however, a small amount of Al3Mg2 phase is still present, as shown in Fig. 1b1. Statistical 12 

analysis of randomly selected remaining Al3Mg2 particles shows the range of intercepted 13 

lengths of Al3Mg2 particles of 4 - 120 m with average intercepted length of 20 m (see 14 

Fig. 1b2). By prolonging the solution time to 3 h or increasing temperature to 438 C, the 15 

Al3Mg2 phase almost disappears; however, a few Al3Mg2 particles having intercepted lengths 16 

of 2 - 32 m with average intercepted length of 16 m and intercepted lengths of 2 - 29 17 

m with average intercepted length of 11 m are occasionally observed, as displayed in Figs. 18 

1c and e, respectively. With further prolonging time to 9 h at 425 C or 3 h at 438 C, no Al3Mg2 19 

phase can be observed, as demonstrated in Figs. 1d and f.  20 

Fig. 2 demonstrates the XRD patterns of the as-cast and SST-ed Al-10 wt.%Mg alloys. 21 

The peaks of the Al3Mg2 phase can be clearly seen for the as-cast alloy. The peak intensity 22 

significantly decreases after SST at 425 C for 1 h. With prolonging time (425C for 3 and 9 h) 23 

and/or increasing temperature (438C for 1 and 3 h), the peaks of the Al3Mg2 phase essentially 24 

cannot be detected. These XRD results are consistent with EDS identification and SEM 25 
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observations. The lattice constants of the Al matrices in the as-cast and SST-ed alloys can be 1 

determined from the XRD results by fitting based on the Nelson-Riley function [21], as 2 

reported in Table 1. The corresponding solute Mg concentrations can be estimated on the basis 3 

of an increase by 0.0046 Å per 1 at.% of solute Mg [22] with lattice constant 4.0495 Å being 4 

the baseline for pure Al [23] (see Table 1). 5 

The EBSD map in Fig. 3a1 and the OM micrographs in Figs. 3b1 through f1 display 6 

equiaxed grains in the as-cast and SST-ed conditions. The corresponding statistical 7 

distributions of grain sizes, together with average grain sizes,d, evaluated by fitting with a 8 

lognormal probability function [24,25], are presented in Figs. 3a2 through f2. Comparison of 9 

the average grain size in the as-cast alloy,d=93 m, with those in the SST-ed conditions 10 

suggests that grain growth occurs during SST.  11 

Fig. 4a shows typical tensile engineering stress-strain curves of the as-cast and SST-ed Al-12 

10 wt.%Mg alloys. To better highlight the 0.2% offset YS, the section enclosed by a dashed 13 

rectangle in Fig. 4a is enlarged, as shown in Fig. 4b. Fig. 4c displays tensile true stress ()-14 

strain () curves converted from the corresponding engineering curves in Fig. 4a using the 15 

standard formula. To accurately locate uniform elongation, the work hardening rate curves 16 

(d/d vs. ) are superimposed to the true stress-strain curves as shown in Fig. 4d. Here the 17 

true strain at d/d= corresponds to the uniform elongation in terms of the considère criterion 18 

[26]. The true strains at d/d= are labeled in Fig. 4c using squares, and the determined 19 

uniform elongations are marked in Fig. 4a using circles. Furthermore, the statistical tensile 20 

properties of the as-cast and SST-ed conditions acquired from more than three specimens are 21 

presented in Table 2. The slightly different tensile properties for each type of as-cast and SST-22 

ed alloys are likely attributed to slightly different levels of casting defects, e.g., pores, 23 

microcracks, etc. By SST, both strength and ductility are improved as compared with those of 24 

the as-cast alloy and moreover, both strength and ductility increase with either prolonging time 25 
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or increasing temperature during SST. Noteworthy is that, by SST at 425 C for 9 h and at 438 1 

C for 3 h, the Al-10 wt.%Mg alloy can achieve uniform elongations of 27.1% and 26.6%, YS 2 

of 185 MPa and 186 MPa, engineering UTS of 387 MPa and 385 MPa, and true UTS of 492 3 

MPa and 487 MPa, respectively. In addition, as shown in Figs. 4a, c and d, the work-hardening 4 

rates of the SST-ed alloys are higher than that of the as-cast alloy, and the work-hardening rates 5 

are improved with prolonging time or/and increasing temperature during SST, as a result of 6 

increased solute Mg concentrations [27,28]. 7 

Fig. 5 displays the fracture surfaces of the as-cast and SST-ed Al-10 wt.%Mg alloy after 8 

tensile testing. The fracture surface of the as-cast alloy consists of most matrix/Al3Mg2 phase 9 

interfaces and a small amount of morphology featured by small and shallow dimples (Fig. 5a). 10 

After SST at 425 C for 1 h, the fracture surface comprises most dimples and few 11 

matrix/Al3Mg2 phase interfaces (Fig. 5b). With prolonging time (425 C for 3 h) or increasing 12 

temperature (438 C for 1 h), the fracture surfaces as shown in Figs. 5c and e are characterized 13 

by entire dimples larger and deeper than those corresponding to SST at 425 C for 1 h (Fig. 14 

5b). With further prolonging time (425 C for 9 h) and/or increasing temperature (438 C for 3 15 

h), as shown in Figs. 5d and f , the fracture surfaces are still featured by entire dimples that 16 

become further larger and deeper relative to those in Figs. 5c and e. 17 

 18 

4. Discussion 19 

The presence of brittle Al3Mg2 phase with size on the order of a few to a few hundreds 20 

micrometers induces stress concentrations and promotes the occurrence of strain localization, 21 

necking and final tensile fracture. In the as-cast alloy, a high volume fraction of Al3Mg2 phase 22 

induces extensive stress concentrations and consequently, strain localization and fracture set in 23 

immediately after yielding, leading to very low ductility (uniform elongation of 0.6%). This is 24 

consistent with the fracture surface consisting of most matrix/Al3Mg2 phase interfaces and few 25 
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small and shallow dimples (Fig. 5a), the latter providing the limited ductility. By SST at 425 1 

C for 1 h, only a small amount of Al3Mg2 phase is retained and hence the stress concentration 2 

level is significantly reduced. As a result, strain localization is delayed until an appreciable 3 

strain magnitude is reached (engineering strain of 16.1%), and this is accompanied by a fracture 4 

surface comprising larger and deeper dimples and occasional matrix/Al3Mg2 phase interfaces 5 

(Fig. 5b). With prolonging time (425 C for 3 h) or increasing temperature (438 C for 1 h), 6 

only few Al3Mg2 particles are present and the onset of strain localization is further postponed 7 

to higher strain levels (engineering strains of 20.9% and 23.9%, respectively). The fracture 8 

surfaces have accordingly large quantities of dimples (Figs. 5c and e). With further prolonging 9 

times (425 C for 9 h and 438 C for 3 h), no Al3Mg2 phase is evident and stress concentration 10 

from the Al3Mg2 phase is thus minimized. Accordingly, uniform elongations can reach 11 

maximum values (engineering strains of 27.1% and 26.6%). Corresponding fracture surfaces 12 

are featured by dimples (Figs. 5d and f) being even larger and deeper than those seen for 425 13 

C for 3 h (Fig. 5c) and 438 C for 1 h (Fig. 5e).  14 

In terms of porosity of approximately 0.5-0.8% in volume fraction and pore sizes smaller 15 

than approximately 2-4 m in the as-cast and SST-ed Al-10wt.%Mg alloys as presented in 16 

Section 3 “Results”, pores should insignificantly affect the mechanical properties. Given the 17 

interspacing between Al3Mg2 particles on the order of a few tens to hundreds micrometers (Fig. 18 

1) and a relatively low density of dislocations in the as-cast and SST-ed alloys [1,5], particle 19 

and dislocation strengthening can be neglected. Hence, the primary strengthening mechanisms 20 

in the present case involve Mg solid-solution and GB strengthening. The increment in YS 21 

contributed by GB strengthening, y,g, can be evaluated using the Hall-Petch relation: 22 

y,g = kd -1/2, where k is the Hall-Petch slope taken as 105 MPa μm1/2 for Al-Mg alloys [29]. 23 

The increment in YS contributed by Mg solid-solution strengthening, y,s, is estimated based 24 

on the increased value in YS by solid-solution strengthening of 1 at.% Mg, i.e., 17.2 MPa [1]. 25 
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Taking the increments in YS contributed by GB and Mg solid-solution strengthening in the as-1 

cast Al-10 wt.%Mg alloy as the references, the corresponding values in the SST-ed conditions 2 

are evaluated and presented in Table 3. With prolonging time and/or increasing temperature, 3 

increments in YS contributed by GB strengthening decrease due to grain growth, whereas those 4 

contributed by Mg solid-solution strengthening increase due to increased solute Mg 5 

concentrations as a result of dissolution of the Al3Mg2 phase. However, due to grain sizes as 6 

large as 93-156 m, the decreases in increments by GB strengthening are insignificant with 7 

increasing grain sizes. Consequently, the increase in increments by Mg solid-solution 8 

strengthening can surpass the decreases in increments by GB strengthening, leading to an 9 

overall increase in YS with prolonging time and/or increasing temperature during SST. The 10 

calculated overall increments of YS reported in Table 3 are in reasonably good agreement with 11 

the experimental values shown in Table 2. With prolonging time and/or increasing temperature, 12 

both work-hardening rate and uniform elongation increase, enabling the occurrence of more 13 

work hardening in the stage of uniform elongation during tensile testing, which, together with 14 

the increased YS, yields increased UTS.  15 

 16 

5. Conclusions 17 

Prolonging time or/and increasing temperature during SST can improve both ductility and 18 

strength of the cast Al-10 wt.%Mg alloy. The increase in ductility stems from a decrease in the 19 

amount of Al3Mg2 phase, reducing stress concentration at the Al matrix/Al3Mg2 phase 20 

interfaces and hence delaying the occurrence of strain localization, necking and fracture. The 21 

increase in YS can be attributed to enhanced Mg solid-solution strengthening originating from 22 

dissolution of the Al3Mg2 phase, which more than compensates for decreased GB strengthening 23 

due to grain growth. The combination of increased yield strength, work-hardening rates and 24 

uniform elongations facilitates increased UTS values. SST at 425 C for 9 h or at 438 C for 3 25 
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h induces complete dissolution of the Al3Mg2 phase. The present high Mg containing Al-Mg 1 

alloys therefore achieves an average uniform elongation of 26.6-27.1%, accompanied by an 2 

average YS of 185-186 MPa, average engineering UTS of 385-387 MPa, and average true UTS 3 

of 487-492 MPa. 4 
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 16 

Fig. 1. SEM SEI micrograph (a1), the typical result of EDS quantitative analysis on Al3Mg2 17 

particles (a2) and statistical distribution of intercepted lengths of curved-plate shaped Al3Mg2 18 

particles in the observed plane (a3) in the as-cast Al-10wt.%Mg alloy, SEM SEI micrograph 19 

(b1) and statistical distribution of intercepted lengths of curved-plate shaped Al3Mg2 particles 20 

in the observed plane (b2) in the Al-10wt.%Mg alloy SST-ed at 425 °C for 1 h, and SEM SEI 21 

micrographs in the Al-10wt.%Mg alloys SST-ed at 425 °C for 3 h (c) and 9 h (d) and at 438 °C 22 

for 1 h (e) and 3 h (f), respectively.  23 
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Fig. 2. XRD patterns of the as-cast and SST-ed Al-10 wt.%Mg alloys. 13 
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Fig. 3. Grain morphologies and sizes of the Al-10 wt.%Mg alloys as-cast (a1) and SST-ed at 13 

425 °C for 1 h (b1), 3 h (c1), and 9 h (d1), and at 438 °C for 1 h (e1) and 3 h (f1), together with 14 

statistical distributions of grain sizes (a2-f2) corresponding to (a1-f1), respectively. 15 
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Fig. 4. Tensile properties of the as-cast and SST-ed Al-10wt.%Mg alloys: (a) engineering stress-15 

strain curves, (b) the enlarged section enclosed by the dashed rectangle in (a), (c) true stress-16 

strain (-) curves, and (d) work hardening rate (d/d) curves superimposed by true stress-17 

strain curves.  18 
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Fig. 5. SEM SEI micrographs of fracture surfaces of the as-cast (a) and SST-ed Al-10 wt.%Mg 15 

alloys at 425 °C for 1 h (b), 3 h (c), and 9 h (d), and at 438 °C for 1 h (e) and 3 h (f). 16 
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Table 1 3 

Lattice constants and solute Mg concentrations in the as-cast and SST-ed Al-10 wt.%Mg alloys. 4 

Status Lattice constant  Solute Mg concentration  

 (Å) (at.%) (wt.%) 

As-cast 4.0867 8.09 7.34 

Solid-solution treated    

425 C-1 h 4.0949 9.86 8.97 

425 C-3 h 4.0967 10.26 9.34 

425 C-9 h 4.0987 10.70 9.74 

438 C-1 h 4.0973 10.39 9.46 

438 C-3 h 4.0986 10.67 9.71 

 5 

 6 

 7 

Table 2 8 

Tensile properties of the as-cast and SST-ed Al-10 wt.%Mg alloys. 9 

Status YS  

(MPa) 

UTS (MPa) Uniform 

elongation (%) 

True strain 

at d/d= (%) 

  Engineering True   

As-cast 150 ± 1 164 ± 11 165 ± 11 0.6 ± 0.2 0.6 ± 0.2 

Solid-solution 

treated 

     

425 C-1 h 172 ± 2 330 ± 8 383 ± 9 16.1 ± 2.5 14.9 ± 2.2 

425 C-3 h 175 ± 1 358 ± 9 433 ± 11 20.9 ± 1.7 19.0 ± 1.4 

425 C-9 h 185 ± 3 387 ± 3 492 ± 4 27.1 ± 2.0 24.0 ± 1.6 

438 C-1 h 177 ± 1 362 ± 3 449± 4 23.9 ± 0.7 21.4 ± 0.6 

438 C-3 h 186 ± 3 385 ± 3 487 ± 4 26.6 ± 1.5 23.6 ± 1.2 
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Table 3 4 

Increments in YS of the SST-ed Al-10 wt.%Mg alloys contributed by GB strengthening and Mg solid-5 

solution strengthening with those in the as-cast condition used as references (MPa) 6 

Material GB strengthening (MPa) Mg solid-solution strengthening (MPa) Total (MPa) 

As-cast 0 0 0 

Solid-solution treated    

425 C-1 h -1.4 +30.4 +29.0 

425 C-3 h -1.7 +37.3 +35.6 

425 C-9 h -2.5 +44.9 +42.4 

438 C-1 h -1.9 +39.6 +37.7 

438 C-3 h -2.3 +44.4 +42.1 
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