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Abstract: Limitations of strength and formability are the major obstacles to the 

industrial application of magnesium alloys. Here, we demonstrate, by producing the 

duplex phases and fine intermetallic particles in composition-optimized superlight 

Mg-Li-Al alloys, a unique approach to simultaneously improve the comprehensive 

mechanical properties (a strength-ductility balance). The phase components and 

microstructures, including the size, morphology, and distribution of 

precipitated-intermetallic particles can be optimized by tuning the Li content, which 

strongly influences the work-hardening behavior and tension-compression yield 

asymmetry.  
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1. Introduction  

Limitations of strength and formability are the major obstacles to the industrial 

application of magnesium (Mg) alloys. The poor room-temperature formability of Mg 

comes from the hexagonal-close-packed (hcp) crystal structure due to the scarcity of 

easy slip systems [1-4]. Because of the low density of lithium (0.58 g/cm3) and its 

ability to form the body-center-cubic (bcc) structured Mg (Li) solid solution phases, 

alloying with Li yields the lightest Mg-Li alloy [5] with the significantly-improved 

malleability, which is essential for structural applications, such as automotive, 

aerospace, and electronic industries [6]. According to the Mg-Li binary phase diagram 

[7], alloying Mg with Li can also change the crystal structure of Mg. The Mg-Li alloy 

retains the hcp structure (a α phase), when the Li content is less than 5 weight percent 

(wt. %), which shows a moderate strength and a limited formability. The bcc structure 

(a β phase) is formed when the Li content is above 11 wt. %, which effectively 

improves the ductility but notably lowers the strength. Between 5 to 11 wt. % of Li 

contents, the hcp structure and bcc structure co-exist, leading to an interesting 

compromise by combining the moderate strength of the α phase with the excellent 

ductility of the β phase. Moreover, even in the hcp region, the addition of Li can reduce 

the axial ratio of c/a in Mg and increase stacking-fault energy (SFE), which promotes 

non-basal slips, and, hence, provides additional deformation modes other than basal 

slip [8-10]. 

Although alloying Li in Mg can effectively improves the ductility, the 

disadvantage of alloying Li in Mg alloys making the material strength too low to meet 

the practical industrial application [5, 11]. To overcome this disadvantage, alloying 

with Al, Zn, RE, etc., is one of the most effective methods to improve the mechanical 

properties [5, 8, 11, 12] by means of solid-solution hardening and the formation of 

intermetallic-compound reinforcements. Among them, Al has a great potential in 

effectively increasing the strength without damaging the lightweight due to the high 

solubility of Al in Mg-Li alloys [5] and low density. Lentz et al. [8] found that the 

addition of 1 wt. % Al in the extruded Mg-4 wt. % Li increases the yield strength in 
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both tension and compression by 30%, which is a consequence of an increase in the 

resistance to slip combining a decrease in the resistance to �101�2�〈101�1�〉 twinning. A 

comparative study on Mg-4Li, Mg-4Li-3Al, and Mg-4Li-5Al (in wt. %) by Trojanová 

et al. [13] has also showed that the addition of Al to the Mg-4Li alloy increases the 

alloy strength.  

The work/strain hardening behavior, which influences both strength and ductility, 

is one of the important parameters to understand the plastic deformation of materials 

[14, 15]. Previous studies performed on Mg-Li alloys [14, 15] were mainly focused on 

the Mg-Li-Zn (LZ) alloys. Wu et al. [14] have studied the plastic anisotropy and 

work-hardening behavior of the cold-rolled dual-phase Mg-(6, 9)Li-1Zn alloys with 

two Li contents. The results showed that the stage-II strain-hardening rate in the 

cold-rolled Mg-6Li-1Zn (LZ61) alloy sheet, which can be related to the evolution of 

long-range stresses, is caused by the dislocation pile-ups at the interface of the 

β-particle. However, no stage-II linear hardening behavior is exhibited in the 

cold-rolled Mg-9Li-1Zn (LZ91) alloy sheet because an earlier onset of dynamic 

recovery occurs. Wu et al. [16] also reported that the heat treatment performed on the 

extruded β phase Mg-10.31Li-1.03Al-0.47Zn (in wt. %) (LAZ1010) specimen could 

enhance the work-hardening behavior and, thus, improve the mechanical properties by 

the age-hardening effect. Karami and Mahmudi [15] have characterized and compared 

the tensile and shear work-hardening behaviors of the fine-grained Mg-(6, 12)Li-1Zn 

(in wt. %) alloys, and the results were similar to that of the Mg-(6, 9)Li-1Zn (in wt. %) 

[14]: the stages II and III of the classical Kocks-Mecking plot (the strain-hardening 

rate versus net flow stress) were seen in the extruded condition of the Mg-6Li-1Zn (in 

wt. %) (LZ61) alloy but no stage-II was observed in the bcc Mg-12Li-1Zn (in wt. %) 

(LZ121) alloy due to the SFE improvement caused by a higher Li content of the Mg 

lattice structure. Thus, the work-hardening behaviors of the α phase, (α + β) phase and 

β phase ternary Mg-Li-Al are very attractive. 

Here we systemically investigate the effects of the Li content on microstructures, 

tensile and work-hardening behaviors as well as tension-compression yield asymmetry 
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of three Mg-Li-Al alloys with the α phase, (α + β) phases, and β phase, by changing 

the Li concentration. 

2. Materials and experiments 

2.1. Material preparation 

Three ingots with the nominal chemical compositions of Mg-3Li-6Al (LA36), 

Mg-9Li-6Al (LA96), and Mg-15Li-6Al (LA156) (in wt. %) alloys were prepared under 

argon atmosphere by induction-melting high-purity elemental metals (99.9 Mg, 99.9 Li, 

and 99.9 Al, in wt. %). The induction-melted alloy buttons were, then, drop-cast into 

plates in a copper mold. The actual measured chemical compositions of the as-cast 

alloys are Mg-3.8Li-6.1Al (LA36), Mg-9.5Li-6.1Al (LA96), and Mg-15.9Li-6.2Al 

(LA156) (in wt. %), which were determined by the Inductively-Coupled 

Plasma-Atomic Emission Spectrometry (ICP-AES, Thermo Elemental, IRIS Intrepid II 

XSP). For comparing the mechanical properties, we also prepared the corresponding 

Li-containing binary Mg-(3,9,15)Li alloy with the same preparation process. The 

actual measured chemical compositions of the as-cast binary alloys are Mg-3.9Li, 

Mg-9.6Li, and Mg-16.0Li (in wt. %), which were also determined by the ICP-AES. 

2.2. Microstructural characterization 

The microstructures were analyzed using the optical microscopy (OM) and 

scanning electron microscopy (SEM, JSM-6480A, Japan Electronics), compositions of 

individual phases of the alloys were examined with the attached energy-dispersive 

spectroscopy (EDS, INC250, Japan Electronics) and phases were analyzed by and 

transmission-electron microscopy (TEM) and XRD. To reveal the microstructure, the 

samples were metallographically polished, followed by etching in 4 volume percent 

(vol. %) nital solution. The TEM measurements were carried out on JEM-2100 

high-resolution transmission electron microscope operated at 200 kV. The plane-view 

thin foils for TEM were prepared by mechanical grinding, followed by thinning via 

Gatan PIPS. Phase identification was carried out by X-ray diffraction on a Rigaku 

D/max-TTR-III diffractometer using Cu Kα. 

2.3. Mechanical testing 
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Tension and compression experiments were performed on an Instron 4505 

material tester with a strain rate of ~ 1 × 10-3 s-1 at room temperature. An extensometer 

was used during tension tests. The gauge length, width, and thickness of the tension 

specimens were 12.5, 4, and 1 mm, respectively. The gauge size for compression tests 

was 10 mm in diameter and 15 mm in height.  

3. Experimental results 

3.1. Microstructures  

Figure 1 shows the microstructures of the as-cast Mg-3Li-6Al (LA36), 

Mg-9Li-6Al (LA96), and Mg-15Li-6Al (LA156) (in wt. %) alloys. The LA36 alloy 

consists of the α phase matrix (hcp) and precipitates (Fig. 1a). The average grain size of 

the matrix is ~ 40 µm. Most of the precipitates are distributed along grain boundaries. 

With the Li concentration increasing to 9 wt. %, the LA96 alloy represents a typical 

duplex phase (hcp + bcc) structure. The phase in the bright color is the hcp α phase and 

that in gray is the bcc β phase. The morphology of the α phase is an irregular block and 

long strip, as shown in Fig. 1c. Some small spherical particles are evenly distributed in 

the β phase (Fig. 1d). For the LA156 alloy, equiaxed grains with an average grain size 

of ~ 165 µm are shown in Fig. 1e. The precipitate particles are evenly distributed in the 

grains and gathered along grain boundaries (Fig. 1f). 

The X-ray diffraction (XRD) patterns of the as-cast LA36, LA96, and LA156 

alloys are illustrated in Fig. 2. The XRD results show that the LA36 alloy consists of the 

hcp α phase and AlLi phase, the LA96 represents a typical duplex phase of the hcp α 

phase and bcc β phase as well as AlLi and MgLiAl2 phases, and the LA156 alloy is 

composed of the bcc β phase, AlLi and MgLiAl2 phases. Clearly, with increasing the Li 

content, the crystal structure is transformed from the hcp to bcc structures, which is 

consistent with the Mg-Li phase diagram [7].  

The microstructure from scanning electron microscopy (SEM) and the 

corresponding energy-dispersive spectroscopy (EDS) results of the LA36, LA96, and 

LA156 alloys are shown in Fig. 3 and Table 1. The SEM images in higher 

magnification exhibits that the second phases are gathered at the grain boundaries of 
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the LA36 alloy with an irregular herringbone structure (Fig. 3a). Some small spherical 

particles with an average size of approximately 1 µm are evenly distributed in the β 

phase as well as along the α/β boundaries of the LA96 alloy (Fig. 3b). For the LA156 

alloys, the precipitate particles are gathered along the grain boundaries; comparatively 

finer spherical particles with approximately below 1 µm as well as short rod-like 

precipitates with a width of ~ 0.5 µm and a length of 2 ~ 5 µm are evenly distributed in 

the grains (Fig. 3c). The corresponding EDS results show that the compounds of the 

three alloys are composed mainly of Mg and Al elements, as the Li element is too light 

to be detected by EDS. Combining results of the previous studies and XRD analysis, 

the second phase in the LA36 alloy ("A" in Fig. 3a) is determined as AlLi [17]. Based 

on the similar content of Mg and Al elements, it can be inferred that the relatively-large 

particles in LA96 ("B" in Fig. 3b) and LA156 ("D" in Fig. 3c) are AlLi, and the small 

size particles in LA96 ("C" in Fig. 3b) and short rod-like precipitates in LA156 ("E' in 

Fig. 3c) are MgLiAl2. 

The transmission-electron microscope (TEM) morphologies and corresponding 

selected-area electron diffraction (SAED) patterns of the LA36, LA96, and LA156 

alloys are shown in Fig. 4. For the LA36 alloy, the corresponding SAED patterns 

consist of spots from not only the α phase but also the AlLi phase (Fig. 4a). For the 

LA96 alloy, the corresponding SAED patterns verify the existence of both the AlLi 

phase and MgLiAl2 phase (Fig. 4b). For the LA156 alloy, MgLiAl2 and AlLi phases 

(Fig. 4c) are clearly identified. The results further confirm the XRD and SEM analyses 

of the precipitates. 

3.2. Mechanical properties 

3.2.1. Tensile properties 

The true stress-strain curves of the as-cast LA36, LA96, and LA156 alloys tested 

at ambient temperature are demonstrated in Fig. 5a, and their tensile properties are 

listed in Table 2. With increasing the Li addition from 3 to 9 and 15 wt. %, the ultimate 

tensile strength (UTS) is slightly decreased from 263 to 254 and 237 MPa. However, 

the tensile yield strength (TYS) is increased from 139 to 161 and 175 MPa, respectively. 

All the materials have reasonably good tensile ductility. Elongations to facture (Ef) of 
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the LA36, LA96, and LA156 alloys are ~ 7.1, 16.2, and 11.3%, respectively, implying a 

better plastic-deformation ability of the duplex structures. As compared to the LA36 

(the α phase) , the UTS of LA96 and LA156 decreases while the Ef increases due to the 

transformation from the hcp to bcc crystal structures and the decrease of lattice 

constants through the substitution of Mg atoms by Li atoms [18].  

Fig. 5b, which is derived from Fig. 5a, presents the Kocks-Mecking type plots of 

the tensile strain-hardening behaviors of the LA36, LA96, and LA156 alloys tested at 

room temperature. The plot is illustrated as the tensile strain-hardening rate (θ = dσ/dε) 

versus net flow stress (σ - Y), where Y is the (0.2% off-set) yield strength. Apparently, 

the θ value does not exhibit a certain value after the yield stress. This indicates that 

there is no stage-II hardening behavior in the present alloys in the Kockse-Mecking 

type plot, which is mainly related to the low dislocation density in the as-cast samples. 

The similar experimental results were also reported in the extruded Mg-Sn-Yb alloy 

sheet [19] and Mg-9Li-1Zn alloy [14]. For the three samples in this study, the 

strain-hardening rate linearly decreases with increasing the net flow stress, thereby 

exhibiting stage-III hardening behavior [20, 21], which occurs immediately after 

yielding. The behavior is very similar to the well-known linear stage-III of strain 

hardening in face-centered-cubic (fcc) polycrystals [20]. As stage-III appears to 

approach a saturation level, the new stage-IV gets involved at higher net flow-stress 

levels in the LA36 and LA96 alloys when the strain-hardening rate has dropped to a 

particular low level [20-22]. The previous studies [14, 20-23] suggested that the 

strain-hardening of a material is governed by the evolution rate of the dislocation 

density, which can be thought of as composed of a dislocation storage (hardening) 
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component and a dynamic recovery (softening) component related to dislocation 

annihilation processes. They hypothesized that the hardening component is geometric 

or statistical in nature, and thus, athermal. While the softening component (or the 

dynamic recovery) was strongly influenced by thermal activation and, accordingly, 

temperature and strain rate. The strain-hardening rate accounting for the recovery 

effects can be expressed as [14, 20-22]: 

)],,()[()(
.

TεσθθYσYσθ rh −−=−                            (1) 

where hθ  is the athermal component of the strain-hardening rate, rθ  accounts 

for any softening effects due to dislocation annihilation by dynamic recovery as the 

temperature and/or the applied stress increase, 
.

ε  is the strain rate, and T is the 

temperature. The occurrence of stage-III hardening behavior is generally attributed to 

dynamic recovery [14, 20-22]. Fig. 5c illustrates the )( Y−σθ  vs. )( Y−σ  curves for 

the LA36, LA96, and LA156 alloys. It can be seen that the first part of the curves at low 

stresses can be fitted by straight lines passing through the origin with a slope hθ . If an 

athermal regime of dislocation accumulation exists, a plot of )( Y−σθ  as a function of 

)( Y−σ  should begin as a straight line of gradient hθ  passing through the origin [14, 

20-22]. The initial hardening behavior of the three alloys in this study is indeed 

described by homogeneous straight lines, which are similar to those observed for fcc 

polycrystals [20-22]. The downward curvature of the )( Y−σθ  vs )( Y−σ  curves at 

high stresses can be taken as an indication of the onset of dynamic recovery, which 

corresponds to the declining slope in stress-strain curves [20-22]. Therefore, the earlier 

onset of dynamic recovery occurs in the LA156, and then in the LA96, and last in the 
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LA36 alloy, which can be ascribed to the promoting cross-slip and/or dislocation climb 

by the increasing the Li content.  

Figure 6 summarizes the tensile yield strengths (TYS) (a), specific strengths (b), 

vs elongations to facture (Ef) of various Mg-based cast alloys [10, 24-28]. The as-cast 

ternary LA36, LA96, and LA156 alloys developed in the present work show better 

comprehensive mechanical properties (a strength-ductility balance), as compared to the 

binary Mg-3Li, Mg-9Li [10], and Mg-15Li (in wt. %) alloys and conventional 

Mg-Al-based alloys [Mg-6Al-1Zn (AZ61) [24], Mg-9Al-1Zn (AZ91D) [25], 

Mg-4Al-5Zn (AZ45) [26], Mg-9Al-2Sn (AT92) [27], and Mg-8Zn-4Al-xRE 

(ZA84-xRE) [28] (in wt. %)]. The yield strengths (139, 161, and 175 MPa) and 

specific strengths (85, 109, and 133 kN m kg-1) of the ternary LA36, LA96, and 

LA156 alloys are more than twice higher than those [(50, 75, and 65 MPa); (31, 52, 

and 50 kN m kg-1)] of the binary Mg-Li alloy. And the elongations (7.1, 16.2, and 11.3) 

of the ternary Mg-Li-Al alloy are 2 ~ 5 times greater than those (3 ~ 5.6) of the 

conventional Mg-Al-based alloys. Besides, the ternary Mg-Li-Al alloys also exhibit 

the higher yield strengths (139, 161, and 175 MPa) and specific strengths (85, 109, and 

133 kN m kg-1) than those [(80 ~ 160 MPa); (45 ~ 88 kN m kg-1)] of the conventional 

Mg-Al-based alloys. Specially, the LA96 alloy shows the best combination of high 

strength and ductility. 

3.2.2. Compression properties 

The compressive true stress-strain curves of the as-cast LA36, LA96, and LA156 

alloys under compression tests at ambient temperature are shown in Fig. 7, and their 

compressive properties are listed in Table 3. For the LA36 alloy, the flow stress 
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increases with increasing strain, and a high strain-hardening is observed. There is an 

ambiguous elastic-plastic transition. Subsequent continuous hardening immediately 

occurs after yielding at about 164 MPa. For the LA96 and LA156 alloys, a 

relatively-distinct yield point is observed before rapid hardening in the plastic region. 

After yielding at about 176 MPa, the LA96 alloy shows a lower strain-hardening 

behavior. Moreover, after yielding at about 192 MPa, the LA156 alloy exhibits that a 

flow stress slightly decreases with further strain, and a strain-softening feature is found.  

4. Discussion  

The comparison of the tensile yield strengths, specific strengths, and elongations 

to the facture between various Mg-based cast alloys [10, 24-28] indicates that the 

as-cast ternary LA36, LA96, and LA156 alloys developed in the present work show 

better comprehensive mechanical properties (a strength-ductility balance) (Fig. 6). In 

other words, the alloying with Li to improve ductility and the Al addition to enhance 

strength are achievable. For the duplex-phase LA96 alloy, the co-existence of the 

harder hcp-structured α phase and the softer bcc-structured β phase results in a better 

ductility and proper strength during the tension tests, compared to the other two α/β 

single-phase alloys. Generally speaking, for the coordinated deformation of the harder 

α phase and softer β phase, the dislocation slip systems of the two phases do not need 

to operate simultaneously. The softer β phase is easier to deform, and the harder α 

phase slips when suffering from the increasing applied force, so as to enable the 

plastically-compatible deformation of the duplex phases, resulting in comprehensive 

mechanical properties. The addition of Li in Mg can also induce a decrease in the axial 

ratio (c/a) of Mg and an increase in the SFE. Hence, slips between crystal planes 

become easier [8, 9]. Such effect results in the lower strength and higher ductility of the 

LA156 alloy, as compared to those of the LA36 alloy. This argument is in agreement 

with the results by Karami and Mahmudi [15]. Also, Al dissolves in both α and β 

phases, which is expected to strengthen the alloys through solid solutions. The 

intermetallic particles also play an important role in improving the strength because 

these particles provide effective barriers to gliding dislocations during deformation. 
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However, precipitates form a brittle phase and are gathered at grain boundaries. From 

the microstructures of the LA36, LA96, and LA156 alloys (Figs. 1 and 3), we can see 

that the particles of the LA36 are in a much larger size and gathered at grain boundaries, 

leading to a worse ductility. While the particles in the LA96 and LA156 alloys are in a 

much smaller size and evenly distributed, benefiting to a good ductility. 

From the Kocks-Mecking type plots of the tensile strain-hardening behaviors of 

the LA36, LA96, and LA156 alloys (Fig. 5b), we can see that no stage-II behavior 

appears in the present alloys in the Kocks-Mecking type plot. As we know, the presence 

of the stage-II linear hardening behavior is due to the interaction of dislocation in the 

primary slip system with those in an intersecting slip system, and the dislocation 

interaction mainly depends on the dislocation density [19]. For the three cast samples in 

this study, the dislocation density is very low, and thus no stage-II behavior appears. 

The similar experimental results were also reported in the extruded Mg-Sn-Yb alloy 

sheet [19] and Mg-9Li-1Zn alloy [14]. For the three samples in this study, the 

strain-hardening rate linearly decreases with increasing the net flow stress, thereby 

exhibiting stage-III hardening behavior [20, 21], which occurs immediately after 

yielding. The behavior is very similar to the well-known linear stage-III of strain 

hardening in fcc polycrystals [20]. The occurrence of stage-III hardening behavior is 

generally attributed to dynamic recovery [14, 20-22]. From the Fig. 5c we can see that 

the earlier onset of dynamic recovery firstly occurs in the LA156, and then occurs in 

the LA96, and lastly occurs in the LA36 alloy, i.e., dynamic recovery is facilitated with 

increasing Li content, since all the materials were tested at the same temperature (room 

temperature). This trend can be ascribed to the promoting cross-slip and/or dislocation 
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climb by the increasing the Li content, resulting in annihilation of dislocations (the 

dominant softening process), and thus, decreasing the strain-hardening behavior. As the 

value of the net flow stress increases, stage-III appears to approach a saturation level, 

the strain-hardening rate becomes small and steady, and the stage-IV hardening [20-22] 

occurs at higher net flow-stress levels in the LA36 and LA96 alloys. The mechanism 

leads to stage-IV is still unclear. Rollett et al. [21] proposed that the hardening rate in 

stage IV was governed by debris accumulation in the cell walls. The net rate of 

dislocation accumulation in the major part of stage-III was rather high as compared to 

that of debris accumulation, while the latter became dominant at the end of stage-III in 

the new stage-IV where athermal dislocation storage essentially is compensated by 

dynamic recovery.  

The tensile-hardening capacity )( T
CH  of a material can be defined in terms of the 

ultimate tensile strength (UTS) and yield stress (TYS) as following [22]: 

  1//)()( −=−= TYSUTSTYSTYSUTSH T
C                 (2) 

The tensile hardening capacities )( T
CH  of the as-cast LA36, LA96, and LA156 

alloy are also shown in Table 2. It is evident that increasing the Li content leads to a 

decrease in the tensile-hardening capacities of the as-cast alloys, from 0.82 to 0.58 and 

0.35. This trend might be attributed to the fact that with increasing the Li content, the 

critical resolved shear stress (CRSS) for non-basal slip diminishes in the hcp α phase 

[29], resulting in a higher activity of non-basal slip, facilitating the cross-slip between 

crystal planes and, therefore, decreasing the strain-hardening behavior [18]. Besides, 

the occurrence of the softer bcc-structured β phase with more independent slip systems, 

as compared to the hcp-structured α phase, could contribute to the decrease of the 

strain-hardening behavior [15].  

The compressive true stress-strain curves of the alloys (Fig. 7) show that the 
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LA36 alloy exhibits a high strain-hardening feature with an ambiguous elastic-plastic 

transition, while the LA96 and LA156 alloys present a lower strain-hardening behavior 

with relatively-distinct yield points. Moreover, the LA156 alloy exhibits a 

strain-softening characteristic. It was reported that dislocations accumulated at 

obstacles contribute to hardening, whereas cross-slip and/or climb of dislocations result 

in softening [23]. Shang et al. [30] suggests that the Al addition decreases the intrinsic 

(I2) stacking-faults energy (SFE), while the Li addition increases this SFE. An increase 

in the I2 SFE hinders the extension of basal dislocations whereas promoting cross-slip 

and/or climb of dislocations [31]. It means that there is a dynamic balance between 

strain hardening and softening with the Al and Li additions. For the LA36 alloy, the 

influence of Al, which decreases the I2 SFE [30], is dominant and reveals high 

strain-hardening behavior. With further increasing the Li content, which increases the 

I2 SFE [30], the influence of Li is dominant and promotes the cross-slip and/or climb of 

dislocations, which contributes to strain softening.  

Unlike cubic metals with symmetrical crystal structures, most hcp-structured Mg 

alloys exhibit different yield strengths under tension and compression [32]. In 

particular, wrought Mg alloys tend to display a significant tension-compression yield 

asymmetry, because of the formation of the strong basal texture and twinning during 

the fabrication process [33, 34]. For the cast Mg alloy, which is generally considered 

to have a random texture, the tension-compression yield asymmetry in cast Mg alloys 

is just related to its twinning behavior in tension and compression [34, 35]. The 

tension-compression yield asymmetry can be described as the strength differential 

effect (SDE), and the ratio of the compressive yield strength (CYS) to tensile yield 

strength (TYS) (asymmetry ratio). The SDE can be calculated as [36, 37]: 

       TYSCYS

TYSCYS
SDE

+
−

= 2                                 (3) 

The calculated SDE and asymmetry ratio were given in Table 3. The results show 

that the CYS is higher than the TYS, and the SDE is positive. On the contrary, most 

wrought conventional Mg alloys, such as the wrought Mg-3Al-1Zn (AZ31) alloys [38] 

and extruded Mg-2Mn-1Ce (ME21) alloy [37], exhibit a much more pronounced 
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negative SDE, and the CYS is significantly lower than TYS. This trend is related to the 

different deformation modes in wrought alloys during tensile and compressive 

deformation due to the combined effect of the strong basal texture and the nature of 

deformation twinning, which can be activated in only one direction, relative to the 

crystallographic twin plan [33]. It is well known that a high activity of }2110{  

extension twinning occurs in compression along the processing direction, while 

slip-dominant deformation, particularly the <a> prismatic slip, occurs in tension, 

parallel to the processing direction [39]. It is also found that }2110{  extension 

twinning is activated at a lower CRSS than the <a> prismatic slip. Thus, the extension 

twinning deformation in compression leads to a significantly low compressive yield 

strength, while the slip-dominant deformation in tension results in a relatively high 

yield strength, which leads to a negative SDE [37, 38]. On the other hand, the 

asymmetric yield behavior of the randomly-textured cast material originates from the 

difference in }2110{  twinning characteristics under tensile and compressive loading, 

because slip-induced deformation is independent of the loading direction [35, 39]. 

Based on the research of Park et al. [34], the Schmid Factor (SF) values of the }2110{  

twinning system were calculated as a function of the angle, θ, between the loading and 

c axes, and the maximum value was found to be higher in tension (0.499 at θ = 0°) than 

in compression (0.437 at θ = 90°) [34, 40, 41]. According to the Schmid's law in the 

uniaxial loading conditions [42], two aspects imply: (1) CRSS does not depend on the 

orientation of the load axis, and (2) CRSS is independent of the sign of the loading 

stress (tension or compression) [43]. The stress required for activating twinning is 

determined by SF and CRSS (activation stress = CRSS/SF) [34, 42]. Thus, it is evident 

that }2110{  twinning activates more easily under tensile loading than compressive 

loading in cast Mg alloys, and thus, the tensile yield strength is lower than compressive 

yield strength as well as a positive SDE. The asymmetry ratio and SDE value of the 

LA36 (1.180 and 0.165, respectively) are higher than those of the LA96 (1.093 and 

0.089) and LA156 (1.097 and 0.093), implying a lower tension-compression yield 
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asymmetry with increasing the Li addition. Several researchers have proved that the 

addition of Li into the Mg alloy will result in increasing the CRSS of the <a> basal slip 

and extension twinning and decreasing the CRSS of non-basal slips, such as the <a> 

prismatic slip and <c + a> pyramidal slip [8-10, 35, 44-46]. That is to say, with 

increasing the Li addition, the CRSS of }2110{  extension twinning improves, which is 

the inverse cause for the higher tensile yield strength or compressive yield strength.  

5. Conclusions  

Cast Mg-Li-Al alloys with comprehensive mechanical properties (a 

strength-ductility balance) are successfully developed by introducing the duplex (hcp 

+ bcc) phases and fine intermetallic particles. The yield strength of ~ 175 MPa, 

specific strength of ~ 133 kN m kg-1 of the ternary Mg-9Li-6Al alloy with the duplex 

(hcp + bcc) structures are obtained, which are more than twice higher than those of the 

binary Mg-Li alloy. The elongation of ~ 16.2% is 2 ~ 5 times greater than those of the 

conventional Mg-Al-based alloys. With increasing the Li addition from 3 to 9 and 15 

wt. %, the tensile strain-hardening capacity decreases from 0.89 to 0.58 and 0.35 and 

the asymmetry ratio decreases from 1.180 to 1.093 and 1.097, respectively. These 

findings offer insights into the enhancement of comprehensive mechanical properties 

(strength and ductility), and have important implications in developing novel 

superlight Mg alloys. 
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Tables 

Table 1. EDS results of the LA36, LA96, and LA156 alloys. The “A, B, C, D, and E” 

marked in Fig. 3 are the locations where the EDS measurements were performed.  

Element 

Number 

wt. %  at. % 

Mg Al  Mg Al 

A 86.6 13.4  87.8 12.2 

B 87.2 12.8  88.3 11.7 

C 97.6 2.4  97.8 2.2 

D 86.4 13.6  87.6 12.4 

E 94.3 5.7  94.9 5.1 

Note: the Li element wasn’t involved in the table because the Li element is too light to 

be detected by EDS. 
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Table 2. Tensile properties of the as-cast LA36, LA96, and LA156 alloys.  

Alloy TYS (MPa) UTS (MPa) Ef (%) specific strength (kN m kg-1) T
CH  

LA36 139 ± 5 263 ± 5 7.1 ± 0.5 85 0.89 

LA96 161 ± 5 254 ± 5 16 ± 1 109 0.58 

LA156 175 ± 5 237 ± 5 11 ± 1 133 0.35 
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Table 3. The tension-compression yield asymmetry specified by the tension (TYS) and 

the compression (CYS) yield strength, asymmetry ratio (CYS/TYS), and the strength 

differential effect (SDE) of the cast alloys. 

Alloy  TYS (MPa) CYS (MPa)  CYS/TYS SDE 

LA36  139 ± 5  164 ± 10  1.180 0.165 

LA96  161± 5 176 ± 10  1.093 0.089 

LA156  175± 5 192 ± 10  1.097 0.093 
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Figure captions: 

Fig. 1. Optical micrographs of the LA36 (a,b), LA96 (c,d), and LA156 (e,f) alloys. 

Fig. 2. XRD patterns of the LA36, LA96, and LA156 alloys. 

Fig. 3. SEM morphologies of the LA36 (a), LA96 (b), and LA156 (c) alloys. The “A, B, 

C, D, and E” marked in figures are the locations where the EDS measurements were 

performed.  

Fig. 4. TEM images of the LA36 (a), LA96 (b), and LA156 (c, d) alloys and the 

corresponding SAED insets, respectively. 

Fig. 5. The tensile true strain-stress curves (a), Kocks-Mecking plots (b), and )( Y−σθ  

vs. )( Y−σ  curves (c) of the LA36, LA96, and LA156 alloys. 

Fig. 6. Comparative studies on the tensile yield stress (a) and specific stress (b) vs 

elongation to failure of various Mg-based cast alloys. 

Fig. 7. The compressive true stress-strain curves of the LA36, LA96, and LA156 

alloys. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Highlights 

1. The Mg-Li-Al alloys show better mechanical properties, as compared to various Mg-based 

alloys. 

2. Mechanical properties of Mg-Li-Al alloys can be improved significantly by duplex structure 

and fine intermetallic particles. 

3. The work-hardening rates of Mg-Li-Al alloys were found to decrease with increasing the Li 

content. 

 




