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Abstract: Microstructure evolution and mechanical properties of Mg-12Gd-1Zn-0.5Zr-0.5Ag (wt%) alloys with different contents of 

Al and Li elements after T6 heat treatment were investigated. The results indicate that after T6 heat treatment, new Mg

3

Gd particles 

are precipitated in Mg-12Gd-1Zn-0.5Zr-0.5Ag alloy, and most Al

2

Li

3

 phases in Mg-12Gd-4Al-3Li-1Zn-0.5Zr-0.5Ag and 

Mg-12Gd-6Al-5Li-1Zn-0.5Zr-0.5Ag alloys become smaller and more evenly distributed. The grain size and c/a ratio values of the 

as-aged Mg-12Gd-4Al-3Li-1Zn-0.5Zr-0.5Ag alloy and Mg-12Gd-6Al-5Li-1Zn-0.5Zr-0.5Ag alloy decrease significantly compared 

to those of as-aged Mg-12Gd-1Zn-0.5Zr-0.5Ag alloy, which results in improved tensile strength and plasticity. The as-aged 

Mg-12Gd-6Al-5Li-1Zn-0.5Zr-0.5Ag alloy possesses the best combination of tensile strength, elastic modulus and plasticity, whose 

ultimate tensile strength, elastic modulus and ductility are 210 MPa, 50.7 GPa and 24.8%, respectively. 
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Over the past decade, the use of structural lightweight 

magnesium (Mg) alloys in aerospace and transportation sects 

has attained an increasing interest because of their high 

specific strength, excellent electromagnetic shielding and low 

density

[1-3]

. It has been reported that alloying with rare earth 

(RE) elements can enhance strength of Mg alloys through 

remarkable solute and second phase strengthening. Elements, 

such as Zn

[4]

, Ag

[5,6]

, or Mn

[7]

, are often added to Mg-RE 

(especially Gd or Y)

[8]

 alloys to improve the age-hardening 

response. However, the plasticity of high strength Mg-Gd 

alloys is generally low. For example, the addition of 1% Zn to 

Mg-8.1Gd-3.8Y-0.4Zr alloy can enhance the strength, but the 

elongation is only 4.5%

[9]

. The addition of 1.8% Ag to 

Mg-15.6Gd-0.4Zr (wt%) alloy can significantly improve the 

age-hardening response, but the elongation is less than 2.6%

[5]

. 

As a result, most second precipitates enhance the strength of 

Mg-RE alloys at the cost of plasticity. Mg alloys exhibits low 

plasticity because of its hcp (hexagonal close packed) 

structure and lack of non-basal slip system, so the deformation 

of Mg alloys is mainly realized by basal <a> slip and {1012} 

<1011> tensile twin, while the activation of non-basal slip is 

usually difficult

[10,11]

. 

The key to improve the plasticity of Mg alloys is to 

decrease the grain size or to activate the non-basal slip. 

Recently, numerous studies have shown that Li element added 

to Mg alloys can reduce the crystal axial ratio and activate 

non-basal slip, which contribute to the improvement of Mg 

alloy plasticity

[12-14]

. In addition, researchers have found that 

the Mg-Li alloy exhibits excellent tensile properties by adding 

Al element since Al element can reduce the grain size

[15,16]

. 

Therefore, based on the abovementioned principles, the 

multi-microalloying technology was introduced to design high 

plasticity Mg-Gd alloys in our previous study

[17]

. Adding Al 

and Li elements to Mg-Gd-Zn-Ag-Zr alloys can achieve 

higher plasticity. At the same time, it is found that the addition 

of Al and Li elements makes the alloys have higher elastic 

modulus. However, the microstructure and mechanical 

properties of the alloys after T6 heat treatment have seldom 
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been explored yet, so this research mainly study the micro- 

structure and mechanical properties of aged Mg-Gd-Zn-Zr-Ag 

with different contents of Al and Li elements. 

1  Experiment 

Three kinds of Mg-12Gd-1Zn-0.5Ag-0.5Zr (wt%) alloys 

which contain different amounts of aluminum and lithium were 

named as alloy 1, alloy 2, alloy 3, respectively. The chemical 

compositions of alloys are shown in Table 1. These alloys were 

synthesized from purity Mg (99.98%), Al (99.97%), Li 

(99.99%), Zn (99.98%), Ag (99.96%), Mg-30%Gd and 

Mg-30%Zr master alloys by vacuum melting under the 

protection of Ar atmosphere and the vacuum of 1.85×10

-2

 kPa. 

The melt was stored at 710 °C for 14~16 min and then cooled 

in water to form as-cast specimens. Finally, T6 heat treatment 

was performed: the as-cast specimens were homogenized at 

450 °C for 5 h and cooled to room temperature in the furnace, 

and then aged at 200 °C for 8 h. 

The tensile test was conducted using dog-bone specimens 

with 20 mm in gauge length and 10 mm×2 mm cross-sectional 

area by a CMT5105 material testing instrument at a tensile 

strain rate of 1 mm/min. Dynamic young’s modulus of 

specimens was tested by impulse excitation technique in a 

graphite furnace (HTVP 1750C, IMCE, Diepenbeek, Belgium) 

at a heating rate of 3 °C/min in Ar atmosphere, the modulus was 

calculated from the flexural resonant frequency according to 

ASTEM 1876-97, and the surface of 40 mm×15 mm×3 mm

 

specimens were polished to mirror-finish. Nano-modulus of the 

second phases was tested by nano-indentation machine (Hysitron 

Triboindenter) with a Berkovich indenter; the loading and 

unloading speed was 50 µN/s and the peak load was 300 µN. 

An optical microscope (OM), a JEOL JSM-7800F field 

emission scanning electron microscope (SEM) equipped with 

an energy dispersive X-ray spectrometer (EDS), a backscatter 

electron detector (BSE), a HKL Chanel 5 electron back- 

scattered diffraction (EBSD, TESCAN VEGA2) system with a 

scan step-size of 0.7 mm, and a transmission electron 

microscopy (TEM, TECNAI G2 F20) with an accelerating 

voltage of 200 kV were used to analyze the microstructures. 

The polished specimens for OM and SEM characterization 

were etched in 4% nitric acid alcohol; the 3 mm×5 mm×2 mm 

block specimens for EBSD characterization were polished by 

Ar-ion Gatan 697 system; the foil specimens for TEM 

characterization were milled by Ar-ion Gatan 695 system. The 

average linear intercept method was used to test grain size and 

X-ray diffraction (XRD) with Cu Kα radiation at 60 kV and 

30 mA was used for phase analysis. 

2  Results and Discussion 

2.1  Microstructures 

The OM and SEM-BSE images of as-cast alloy1 are shown 

in Fig.1a and 1b, respectively. In Fig.1a, the eutectic phases A 

 

Table 1  Chemical compositions of alloys (wt%) 

Alloy Gd Zn Ag Zr Al Li Mg 

1 12 1 0.5 0.5 0 0 Bal. 

2 12 1 0.5 0.5 4 3 Bal. 

3 12 1 0.5 0.5 6 5 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  OM image of the as-cast alloy 1 (a); SEM-BES image, EDS spectrum of A phase and corresponding elemental mappings of Mg, Gd, Zn, 

Ag in as-cast alloy 1 (b) 
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(marked with the white arrow) are discontinuously distributed 

in network. By EDS analysis of A phase shown in Fig.1b, the 

A phase consists of Mg, Gd and Zn. The elemental mappings 

show that Ag element is evenly distributed in magnesium 

matrix. According to the results of Ref.[17], the A phase is 

(Mg, Zn)

3

Gd compound. Fig.2a and 2b show the OM and 

SEM-BSE images of as-cast alloy 2, respectively. Compared 

with the as-cast alloy 1, the grain boundaries (Fig.2a) of the 

as-cast alloy 2 is clear due to the alloying of Al element, and 

the second phase is mainly gray block phase C and round 

particle D. The elemental mappings indicate that Al element 

has obvious segregation in C and D phases, and the EDS data 

of C position in SEM-BES image (Fig.2b) show that the C 

phase consists of Gd and Al; combined with the results in 

Ref.[17], C phase is Al

2

Gd phase. The OM and SEM-BSE 

images of as-cast alloy 3 are shown in Fig.3a and 3b, 

respectively. As the Al and Li content increase, there is still 

gray block phase C, but the black round particle D increases to 

form black regions. The corresponding study

[17]

 shows that the 

black round particle is Al

2

Li

3 

phase. The elemental mappings 

indicate that Al element has obvious segregation in D phase, 

and the Li element is too light to detect, so the D phase in 

as-cast alloy 3 should be Al

2

Li

3 

particles.  

After T6 heat treatment, the X-ray diffraction (XRD) 

patterns of the as-aged alloy 1, alloy 2 and alloy 3 are shown 

in Fig.4. Alloy1 presents (Mg, Zn)

3

Gd and Mg

3

Gd phases, and 

with the addition of Al and Li, Al

2

Gd and Al

2

Li

3 

phases form 

in alloy 2 and alloy 3. Fig.5a shows the OM image of alloy 1 

in the as-aged condition. Compared with the as-cast alloy1, 

apart from the A phases, as-aged alloy 1 presents some new 

precipitated particles B. According to the results of XRD, 

BF-TEM image of A, B phases and corresponding SAED 

patterns in Fig.5b and 5c, this A phase is (Mg, Zn)

3

Gd and B 

particle is Mg

3

Gd. Similar results have been reported in 

Ref.[18,19]. This indicates that a new Mg

3

Gd phase is 

precipitated in alloy 1 after T6 heat treatment. Fig.6a and 6b 

show the OM images of alloy 2 and alloy 3 in the as-aged 

condition, respectively. Compared with the as-cast alloy 2 and 

as-cast alloy 3, the as-aged alloy 2 and alloy 3 still have C 

phases, but most of the D phases dissolve into the matrix after 

T6 heat treatment. According to the BF-TEM images of C, D 

phases in as-aged alloy 3 and corresponding SAED patterns in 

Fig.6c and 6d, these C and D phases are mainly identified as 

the Al

2

Gd and Al

2

Li

3

, consistent with the results of XRD 

(Fig.4). This indicates that most Al

2

Li

3

 phases in alloy 2 and 

alloy 3 become smaller and more evenly distributed after T6 

heat treatment. 

Fig.7 shows the inverse pole figure (IPF) maps of as-aged 

alloy 1, alloy 2 and alloy 3. The grain orientation in Fig.7a~7c 

is represented by the color legend. In Fig.7b and 7c, the Al

2

Gd 

and Al

2

Li

3 

phases are located in the white region, which 

indicate the region with low confidence index

[20]

. The average 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  OM image of the as-cast alloy 2 (a); SEM-BES image, EDS spectrum of C phase and corresponding elemental mapping of Al in as-cast 

alloy 2 (b) 
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Fig.3  OM image of the as-cast alloy 3 (a); SEM-BES image and corresponding elemental mappings of Mg, Al, Gd, Ag, Zn in as-cast alloy 3 (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  XRD patterns of as-aged alloy 1, alloy 2, and alloy 3 

 

grain size of as-aged alloy1 is approximately 237.8 um, while 

that of as-aged alloy 2 and alloy 3 decreases significantly to 

32.4 and 25.56 um, respectively. This is because Al element 

plays a refining grains role in Mg alloys, which is consistent 

with the previous report

[21-23]

, revealing that Al has a segre- 

gating effect in the Mg alloy. 

2.2  Tensile strength 

Fig.8 exhibits the engineering stress-strain curves of the 

as-aged alloy 1, alloy 2 and alloy 3. The ultimate tensile 

strengths (UTS) of the as-aged alloy 1, alloy 2 and alloy 3 are 

170, 188 and 210 MPa, respectively; the yield stresses (YS) of 

the as-aged alloy 1, alloy 2 and alloy 3 are 94, 104 and 119 

MPa, respectively. As the content of Al and Li increases, the 

Al- and Li-containing alloys exhibit stronger precipitation 

hardening response than Al- and Li-free alloy. It is mainly due 

to fine grain strengthening and second phase strengthening. 

On the one hand, fine grain is one of the key parameters 

influencing the tensile strength of Mg alloys. As shown in 

Fig.7, the grain size of as-aged alloy 1 is 237.8 µm; when Al 

content increases to 4%, the grain size of as-aged alloy 2 is 

refined to 32.4 µm; when Al content increases to 6%, the grain 

size of as-aged alloy 3 is refined to 25.56 µm. Compared with 

the as-aged alloy 1, the UTS and YS of as-aged alloy 2 and 

alloy 3 increase gradually with the decrease of grain size. The 

Hall-Petch equation

[24]

 σ

s

=σ

0

+kd

 -1/2

 can represent the relation- 

ship between the grain size and the yield strength (σ

s

 is the yield 

strength, σ

0

 is the friction stress for dislocation movement, k is 

the strength coefficient for the normal stress and d is the grain 

size). The reduction of grain size increases the tensile strength, 

and as a result, the dislocations are stuck at the grain boundaries 

and greater stress is needed to release the dislocations from 

obstacles. This is why the tensile strength of Al- and Li- 

containing alloys increases with the decrease of grain size.  

On the other hand, the amount of secondary phases in Al- 

and Li-containing alloys gradually increases, as shown in 

Fig.5a and Fig.6a and 6b. Especially in as-aged alloy3, it can 

be seen that a large amount of particles are precipitated inside 

the grain or at the grain boundary. The pinning effect of 

particles restricts the growth of recrystallized grain, which can 

be regarded as obstacles to the grain boundaries

[25,26]

. Thus, 

the increase in the amount of second phases leads to the grain 

refinement, which increases the strength of Al- and 

Li-containing alloys.  

2.3  Plasticity 

As shown in Fig.8, the ductility of the as-aged alloy 1, 
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Fig.5  OM image of as-aged alloy 1 (a); BF-TEM image of A phase and corresponding SAED pattern (b) and BF-TEM image of B phase and 

corresponding SAED pattern (c) of as-aged alloy 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  OM image of as-aged alloy 2 (a) and alloy 3 (b); BF-TEM image of C phase and corresponding SAED pattern (c) and BF-TEM image of 

D phase and corresponding SAED pattern (d) of as-aged alloy 3 

 

alloy 2 and alloy 3 are 4.6%, 11.8% and 24.8%, respectively. 

The higher the contents of Al and Li in the alloys, the better 

the ductility of the alloys. This is mainly summarized as the 

following three factors. Firstly, fine grain can not only 

improve the tensile strength of Mg alloy, but also improve its 

ductility. Compared with as-aged alloy 1, the ductility of 

as-aged alloy 2 and alloy 3 gradually increases with the 

decrease of grain size. This is because the fine grain of Al- and 

Li-containing alloys leads to the reduction of stress 

concentration while the grain boundary increases, and the 

non-basal slip near grain boundary is easily activated, which is 

beneficial to the improvement of plasticity. 

Secondly, by statistics

[27]

, the addition of Li can activate the 

non-basal slip and reduce the crystal axial c/a ratio of Mg 

alloys, thus increasing the ductility. In this work, the c/a ratios 

of as-aged alloy 1, alloy 2 and alloy 3 are calculated by XRD 

analysis to be 1.624, 1.621 and 1.619, respectively. The c/a 

ratio of as-aged alloy 3 with higher Li contents is much lower, 
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Fig.7  Inverse pole figure (IPF) maps of as-aged alloy 1 (a), alloy 2 (b) and alloy 3 (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Tensile engineering stress-strain curves of as-aged alloy 1, 

alloy 2 and alloy 3  

 

which indicates that the reduction in c/a ratio contributes to 

the improvement in ductility. Furthermore, in order to identify 

whether the addition of Li to alloy 2 and alloy 3 can operate 

non-basal slip, visco-plastic self-consistent (VPSC) model was 

carried in this work, which was used to simulate the plastic 

deformation process of as-aged alloy 1, alloy 2 and alloy 3 

and to predict the relative activities of various slip systems 

according to the voce hardening equation

[28]

. Fig.9a shows that 

the simulated results (dotted lines) by VPSC model are well 

fitted with the solid lines of true stress-strain curves by 

experiment. Fig.9b~9d show the relative activities of different 

deformation modes during the tensile process of the as-aged 

alloy 1, alloy 2 and alloy 3. Basal slip is the main deformation 

mode in the as-aged alloy 1, alloy 2 and alloy 3. The 

difference is that basal <a> slip and prismatic <a> slip are 

activated in as-aged alloy1. But as the content of Al and Li 

increases to 4% and 3% in as-aged alloy 2, except basal <a> 

slip and prismatic <a> slip, pyramidal <c+a> slip is gradually 

activated at the plastic strain of 2%. Moreover, as the content 

of Al and Li increases to 6% and 5% in as-aged alloy 3, the 

pyramidal <c+a> slip is immediately activated from the first 

stage of plastic deformation. This indicates that the non-basal 

slips of pyramidal <c+a> slip in as-aged alloy 2 and alloy 3 

are rapidly activated due to the increased Li content compared 

with as-aged alloy 1, and the activation of pyramidal <c+a> 

slip in as-aged alloy 3 is higher than in alloy 2, which helps to 

the improvement of the ductility of as-aged alloy 3. 

2.4  Elastic modulus 

  Elastic modulus is usually a measure of the stiffness or 

resistance of a material to elastic deformation, and the greater 

the elastic modulus of a metal, the stiffer it becomes

[29]

. 

Modulus depends essentially on the type of interatomic 

binding forces, that is, the metallic bonding prevails in alloys. 

The nominal elastic modulus of pure Mg is 45 GPa, and the 

researchers reported experimental values range from 39 GPa 

to 45 GPa

[30]

. In this work, according to the impulse excitation 

testing, elastic modulus of the as-aged alloy 1, alloy 2 and 

alloy 3 are 44.9±0.1, 49.9±0.2, and 50.7±0.4 GPa, respectively 

are shown in Fig.10a. Compared with pure Mg and as-aged 

alloy 1, the modulus of as-aged alloy 2 and alloy 3 are signi- 

ficantly improved. This is because the elastic modulus of Mg 

alloys is mainly determined by the elastic modulus and 

volume fractions of its constituent phases

[31]

. Therefore, the 

elastic modulus of the matrix region with Al

2

Li

3

 and Al

2

Gd 

phases in the as-aged alloy 3 is studied by nano-indentation 

test. The indentation size is about 70 nm, smaller than that of 

each phase. Fig.10b and 10c show the elastic modulus and 

load-depth curves of α-Mg, Al

2

Li

3 

and Al

2

Gd phase in as-aged 

alloy 3. The result shows that elastic modulus is 45.0±2.5 GPa 

for matrix, 66.3±1.9 GPa for Al

2

Li

3

 phase and 75.5±1.8 GPa 

for Al

2

Gd phase, and the elastic modulus and stiffness order of 

the three phases is α-Mg matrix�Al

2

Li

3

�Al

2

Gd, which is 

consistent with the elastic modulus of the three phases 

calculated by first principles calculation in Ref.[17]. Thus, the 
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Fig.9  True stress-strain curves and corresponding simulated curves of as-aged alloy 1, alloy 2 and alloy 3 (a); relative activities of different slip 

models during uniaxial tensile of as-aged alloy 1 (b), alloy 2 (c) and alloy 3 (d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Elastic modulus of the as-aged alloy 1, alloy 2 and alloy 3 (a); Elastic modulus of the α-Mg, Al

2

Li

3

 and Al

2

Gd phase in as-aged alloy 3 (b); 

and their corresponding load-depth curves (c) 

 

elastic modulus of as-aged alloy 2 and alloy 3 is higher than 

that of pure Mg and as-aged alloy 1, which is attributed to the 

presence of high-modulus Al

2

Gd and Al

2

Li

3 

phases. 

2.5  Comprehensive properties comparison 

Table 2 summarizes the reported mechanical properties of 

Mg based alloys (no deformation processing) in comparison 

with the alloys in this work. On the one hand, under the 

absence of deformation processing, the elongation of as-aged 

alloy3 in this work is significantly higher than that of Mg 

alloys

[23,32,33]

, and the strength and plasticity are greatly 

enhanced compared with the commonly used AZ31 and 

AZ91D alloys. On the other hand, modulus and plasticity are 

usually the opposite parts, as shown by the high modulus Mg 

matrix composites

[33,34]

, the smaller the modulus value, the 

better the plasticity. The modulus of as-aged alloy 2 and alloy 

3 in this work is much higher than that of the commonly used 

AZ31 alloy and slightly lower than the Mg matrix compo- 

sites

[33,34]

, but plasticity is far greater than that of the Mg 

matrix composites, which breaks the balance of smaller 

modulus with better plasticity. Thus, the as-aged alloy 3 in this 
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Table 2  Comparison of reported mechanical properties of Mg based alloys (no deformation processing) with alloys in this work 

Alloy State UTS/MPa YS/MPa Elongation/% Modulus/GPa Refs. 

Alloy 2 T6 188±2 104±1 11.8±1.3 49.9±0.2 This work 

Alloy 3 T6 210±3 119±2 24.8±0.9 50.7±0.4 This work 

AZ31 T4 169 58 8.2 - [32] 

Mg-8.0Zn-1.0Al-0.5Cu-0.5Mn T6 325 260 17.0 - [23] 

AZ91D Cast 128 86 0.9 44.3 [33] 

1.5%CNTs/AZ91D Cast 157 104 1.38 64.3 [33] 

33%Mg2B2O5W/AZ91D Cast 265 262 0.95 54.0 [34] 

 

work has the comprehensive properties of good tensile 

strength, high plasticity and high elastic modulus. 

3  Conclusions 

1) Compared with as-cast Mg-12Gd-1Zn-0.5Zr-0.5Ag 

(alloy 1), in addition to the (Mg, Zn)

3

Gd phase, new particles 

Mg

3

Gd are precipitated from as-aged alloy 1. The Al

2

Gd 

phases of Mg-12Gd-4Al-3Li-1Zn-0.5Zr-0.5Ag (alloy 2) and 

Mg-12Gd-6Al-5Li-1Zn-0.5Zr-0.5Ag (alloy 3) both in as-cast 

condition and as-aged condition have no change, but most 

Al

2

Li

3

 phase in as-aged alloy 2 and alloy 3 becomes smaller 

and more evenly distributed than that in as-cast alloy 2 and 

alloy 3.  

2) The grain size and c/a ratio values of the as-aged alloy 2 

and alloy 3 decrease significantly compared to those of as- 

aged alloy1, which is beneficial to plasticity and tensile strength. 

3) Compared with other un-deformed Mg based alloys, the 

as-aged alloy 3 possesses the best combination of tensile 

properties, plasticity and elastic modulus, whose ultimate 

tensile strength, elastic modulus and ductility are 210 MPa, 

50.7 GPa and 24.8%, respectively. 
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