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Abstract.  The influence of rare earth lanthanum (La) on solidification cooling range, microstructure of 

aluminum-magnesium (Al-Mg) alloy and mechanical properties were investigated. Five kinds of Al-Mg 

alloys with rare earth content of La (i.e., 0, 0.5, 1.0, 1.5 and 2.0 wt.%) were prepared. Samples were either 

slowly cooled in furnace or water cooled. Results indicate that the addition of the rare earth (RE) La can 

significantly influence the solidification range, the resultant microstructure, and tensile strength. RE La can 

extend the alloy solidification range, increase the solidification time, and also greatly improve the flow 

performance. The addition of La takes a metamorphism effect on Al-Mg alloy, resulting in that the finer the 

grain is obtained, the rounder the morphology becomes. RE La can significantly increase the mechanical 

properties for its metamorphism and reinforcement. When the La content is about 1.5 wt.%, the tensile 

strength of Al-Mg alloy reaches its maximum value of 314 MPa. 
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1. Introduction 

 

The combination of low density, high strength, high fracture toughness, and excellent resistance 

to stress corrosion and fatigue performance are most desirable properties for those materials in 

high-strength applications, such as in aerospace, automotive, and mechanical industry (Montalba 

et al. 2015, Chen et al. 2007, Su et al. 2012, Yu et al. 2007). Due to its low density, high specific 

strength, easy processing and the economic advantages, cast aluminum alloy are widely used in a 

variety of industries (Liu and Hu 2008, Yi et al. 2009, Xie et al. 2010). Al-Mg-based alloy is a 

class of high-strength heat-resistant alloys. The Al-Mg-based alloys are widely used in earlier 

industrial applications, owing to their high temperature stability and high heat resistance. However, 

its wide solidification zone usually leads to a pasty solidification and synchronous solidification in 

the cross section of the cast when the alloy liquid is cooled gradually (Liang et al. 2013). As a 

result, dendritic crystals solidified firstly block the flow of liquid metal, resulting in a poor fluidity 

of the alloy liquid. The growth of alloy dendritic crystal will cause dendritic segregation with a 

lower melting temperature (Bai et al. 2012). The presence of such a dendritic segregation will 
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bring about a significant decrease in both technological properties (e.g., hot cracking tendency) 

and mechanical properties (i.e., toughness and plastic) of Al-Mg alloy. This considerably limits the 

applications of Al-Mg-based alloy (Si et al. 2006, Li et al. 2006 and Yi et al. 2010). 

It is know that the rare earth can play an important role in the mechanical properties of alloys 

(Ma et al. 2009, Zhang et al. 2012, Gao et al. 2012). For example, lanthanum (La) can take a 

metamorphism effect on Al-Mg alloy. This work investigated the influence of rare earth La on the 

solidification cooling range, the metallographic microstructure, and mechanical properties of 

Al-Mg alloy. The main purpose of this work was to improve the quality of Al-Mg alloy castings 

and to enhance the properties of the alloy by alloying La in Al-Mg alloy. 
 
 

2. Experimental procedures 
 

2.1 Experimental equipments 
 

The self-developed experimental equipment shown in Fig. 1 was employed in Al-Mg alloy 

ramp vibration pouring experiment, which consists of vibrating apparatus, ramp guide slot, cooling 

water system, casting mold, etc. Casting with a certain amount of mechanical vibration can further 

refine the alloy microstructure, and the grains are more rounded in the whole with its number 

increasing and its size reducing (Yi et al. 2010). The simplified schematic of the mechanical 

vibrating apparatus which is controlled by a RF-500TB DC motor is shown in Fig. 2. It consists of 

a vibration motor attached to the vibrating vessel via a vessel holding table supported by a group 

of springs. The vibrating vessel shall be fixed by bolts on the vessel holding table of the vibrating 

apparatus. 

 

 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Ramp vibration pouring device 
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Fig. 2 Diagram of vibrating apparatus 

 

 

2.2 Experimental 
 

Starting from aluminum ingot, magnesium ingot, and rare earth La (all with high purity greater 

than 99.9 wt.%), five Al-Mg alloys with different rare earth La contents (i.e., 0%, 0.5 wt.%, 1.0 

wt.%, 1.5 wt.%, and 2.0 wt.%) were prepared respectively. The mixed materials of each alloy were 

put in graphite crucible and loaded into a vacuum box-type resistance SX2-4-10 furnace with 

graphite crucibles to make the Al-Mg-based alloys. The working parameters are shown as below: 

voltage of 220 V, power of 5 kw, maximum working temperature of 1200ºC, and normal operating 

temperature of 950ºC. Then, the alloys were evacuated the box resistance furnace with a vacuum 

of about -0.08 MPa. Afterwards, smelt the mixed materials by heating them to 750ºC and 

incubating for 2 hours. Then, the as-prepared alloy was poured into a graphite mold. A part of the 

prepared alloy with the graphite mold was put into a tube furnace at 700ºC, and was slowly cooled 

down with furnace cooling. A KSW-8D-13 resistance furnace temperature controller and A K 

series 101 type thermocouple were used to control the furnace temperature. The range of the 

KSW-8D-13 temperature controller and thermocouples were from 0ºC to 1200ºC with their 

operating error more than ±1ºC. Meanwhile, the temperature change with time during the 

solidification process was recorded in real time by a data acquisition module. As such, the 

solidification cooling curve was drawn from the recorded data. 

In order to test the impact of different rare earth La content on the microstructure of Al-Mg 

alloy, another part of the prepared alloy was cooled to 700ºC and was directly poured into a ramp 

copper mold. Afterwards, the alloy in the ramp copper molds was cooled to room temperature in 

the air. 

In the experiment of mechanical testing, the mechanical properties of the alloys in ramp copper 

molds were found not stable enough to evaluate the mechanical properties. Therefore, a part of 

samples were extruded on a 200T hydraulic machine after heated to 410ºC and kept for one hour. 

The extruded parts were made into standard specimens for mechanical testing, and a series of 

tensile tests were carried out on a microcomputer control electronic WDW-200KN universal 

testing machine. 
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Table 1 The solidification temperature parameters for the Al-Mg alloys containing different La contents 

La content 

(wt.%) 

Start temperature 

(ºC) 

End temperature 

(ºC) 

Temperature range 

(ºC) 
The growth rate 

0 652.5 628.5 24 -- 

0.5 651.5 627.3 24.2 0.83% 

1.0 649.7 625.2 24.5 1.24% 

1.5 648.9 618.7 30.2 23.27% 

2.0 647.7 616.8 30.9 2.32% 

 

 

Samples were taken from the casts and extrusion parts in the same positions and were ground 

up to 2000 grits SiC paper then polished for metallographic microstructural observations. All the 

prepared metallographic samples were etched in 0.5 vol.% HF solution. 

 

 
3. Results 

 

3.1 Effects of La on solidification curves 
 

Fig. 3 shows the solidification curves of aluminum-magnesium alloys with different amount of 

La, i.e. at 0 wt.%, 0.5 wt.%, 1.0 wt.%, 1.5 wt.%, and 2.0 wt.%. As shown in Fig. 3, when La 

content is at 0 wt.%, the solidification of the alloy begins at 652.5ºC and finishes at 628.5ºC. 

While the addition of La increases to 0.5 wt.%, the alloy begins to solidify at 651.5ºC, and ends 

solidification at 627.3ºC. When the La content increases to 1.0 wt.%, 1.5 wt.%, and 2.0 wt.%, 

respectively, the alloy starts to solidify at 649.7ºC, 648.9ºC, and 647.7ºC, and ends solidification at 

625.2ºC, 618.7ºC, 616.8ºC, respectively. Therefore, the addition of rare earth La could 

significantly alter the solidification range of aluminum-magnesium alloy. 

In general, a wide two-phase region temperature of alloy is helpful in the solidification 

processes of semi-liquid metals during cooling (Liang et al. 2013). The solidification data of these 

Al-Mg alloys containing La contents were summarized in Table 1. As shown in Table 1, without 

rare earth La, the two-phase region in the Al-Mg alloy is from 652.5ºC to 628.5ºC, resulting in the 

solid-liquid interval temperature is about 24ºC. The two-phase region in the aluminum-magnesium 

alloy is broadened with the addition of La. When the La content reaches about 2.0 wt.%, the 

two-phase region temperature of the alloy is from 647.7ºC to 616.8ºC, and the temperature range is 

30.9ºC. The growth rate of temperature range reaches its maximum value of 23.27% at 1.5 wt.% 

addition of La. It is concluded that the highest growth rate of temperature range and largest 

two-phase region temperature is the Al-Mg alloy containing 1.5 wt.% La and 2.0 wt.% La, 

respectively. But when La content is more than 1.5%, the growth rate of temperature range is not 

obvious. In addition, the solidification time of the alloy increases with the doping of rare earth La. 

 

3.2 Effects of La on cast microstructure 
 

Fig. 4 shows the metallographic microstructure of the cast Al-Mg alloys at 700ºC slope copper 

water-cooled casting with La content of at 0%, 0.5 wt.%, 1.0 wt.%, 1.5 wt.%, and 2.0 wt.%. As 

seen from Fig. 4(a), when the addition of La is 0%, the grain size of the alloy is coarse with 

developed dendrite, and the grain boundary is not evident. However, the micro-alloying of rare 
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earth La into the Al-Mg alloy significantly altered the microstructure. Apparently, the 

crystallization of dendrites was frustrated. The number of the primary α-Al phase grains is 

increased with the addition of La. The grain becomes small, round and uniform distributed, and 

shows equiaxed and rose shape, and finally, its dendrites are degenerated completely.  

By comparing the cast microstructure in Fig. 4, it can be seen that with increasing the content 

of La in Al-Mg alloy, the grain of α-Al phase becomes smaller and smaller, rounder and rounder. 

When the La content of is about 1.5 wt.%, the microstructure of the alloy reaches the best 

combination of refined microstructure and round-shaped grains. This is favorable for alloy 

shrinkage compensation during the late process of alloy solidification, for increasing fluidity of 

alloy and hence improving the casting quality, especially to form those products with complex 

shape and/or specific requirements. 

 

3.3 Effects of La on extrusion microstructure 
 

Fig. 5 shows the metallographic microstructure of Al-Mg alloys with La content at 0.5 wt.%, 

1.0 wt.%, 1.5 wt.%, and 2.0 wt.% extruded at 410ºC. As seen from Fig. 5, a lot of 

large isolated and discontinuous reticular phases were crushed into fine small granular 

strengthen-ing phases by extrusion. And, the α-phase grains show a flat strip shape along the 

extrusion direction. The internal micro-defects, micro-cracks and porosity were welded by high 

pressure at high temperature. 

 

3.4 Effects of La on tensile strength 
 

Fig. 6 shows the tensile strength of the hot-extruded Al-Mg alloys samples at 410ºC with La 

content. In order to ensure the stability and reliability of the experimental data, all the data in Fig. 

6 were the average values for 10 tests. In general, the addition of rare earth La can significantly 

improve the tensile strength of Al-Mg alloy. With no La addition, the tensile strength of the base 

alloy is only about 260 MPa. After adding rare earth La, its tensile strength is greater than 300 

MPa. When the La content is about 1.5 wt.%, the tensile strength of Al-Mg alloy reaches its 

maximum value of 314 MPa. 
 

 

 
Fig. 3 Solidification curves of Al-Mg alloy with different La contents 
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(a) 0%, (b) 0.5 wt.%, (c) 1.0 wt.%, (d) 1.5 wt.%, and (e) 2.0 wt.% 

Fig. 4 Optical microstructure of the cast Al-Mg alloys with different La content 

 

 

 

(a) 0.5 wt.%, (b) 1.0 wt.%, (c) 1.5 wt.%, and (d) 2.0 wt.% 

Fig. 5 Optical microstructure of the extruded Al-Mg alloys with different La content 
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Fig. 6 Tensile strength of Al-Mg alloys with different La content 
 

 

4. Discussion 

 

The atomic radius of the rare earth La is 0.1877 nm, with a relative atomic radius of 17% 

compared with the element Mg (with a radius of 0.1602 nm) and electronegativity of 1.10 (Chen et 

al. 2014). The solubility of La in Al-Mg alloy is 0.5 wt.%. The rod-shaped compounds LaAl4 is 

one of the main products during the alloy solidification (Gao et al. 2014). Because the phase 

LaAl4 is a high temperature phase, it can still remain stable at 420 ºC (Fan et al. 2005). As can be 

seen from Fig. 7, at the beginning, the influence of La addition in alloy on solidification 

temperature range is not evident before the La content in the Al-Mg alloy is less than 1.0 wt.%. 

This is mainly owing to that most of La is dissolved into the alloy to form solid solution phase. 

Hence, the addition of La on the solidification behavior of the Al-Mg alloy is not distinct. 

However, when the La content is enhanced up to 1.5 wt.%, the alloying of La broadens the 

solidification temperature range of the Al-Mg alloy. The main reason is that after the amount of 

dissolved the rare earth La reaches a saturation status, the atoms of La congregates at the outside 

of the grains. As such, the grain growth is inhabited, making the alloy solidification process slow. 

This could also be supported by the solidification time of abscissa in Fig. 3. 

It is also shown from the cast microstructure of Al-Mg alloy in Fig. 4 that after the La content 

of is raised up to 1.0 wt.%, the pronounced metamorphism took place in microstructure, such as 

the refined grains, more grain numbers, and altered grain morphology from dendritic to round 

shape. All these microstructural manipulations are beneficial to improve the mechanical properties 

of the alloy. 

In addition, compared with the dendrites, fine equiaxed crystals and rose-shaped grains will 

greatly increase the liquidity in the solidification process. It helps alloy feeding during alloy 

solidification, thus improving the resistance of castings to the thermal cracking and reducing the 

defects of porosity and segregation. This improves the mechanical properties of Al-Mg alloy. 

The strengthening effects of rare earth La on Al-5Mg alloy can be analyzed from the following 

three aspects: 

Firstly, from the point of view of the electronegativity properties, the difference of 

electronegativity between Al and La is much higher than that between Mg and La. So 

typically, there is a reaction preferentially between Al and La, and its generation is high melting 
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intermetallic strengthening phase. Strengthening phase with high melting point can be used as the 

nucleation core of molten metal solidification and crystallization. So it can increase the nucleation 

rate. 

Secondly, on one hand, under rapid solidification of metal type casting crystallization, the solid 

solubility of rare earth La is lower in Al-Mg alloy for its larger atomic radius. On the other hand, 

rare earth La is easy to gather at the solidification front due to its slower diffusion. All these inhibit 

grain growth.  

Thirdly, at the solidification front, the enrichment of rare earth La will cause the 

composition super-cooling, which will activate the nucleation agent of the solidification front, and 

increase the nucleation rate and thus refine the microstructure. La can effectively reduce the 

surface tension of the solid-liquid surface. It decreases the liquid metal critical 

nucleation radius, and refines the grain of alloy. 

 
 

5. Conclusions 
 

 As the rare earth La is added into Al-Mg alloy, their solid-liquid diphase region is 

broadened. While the La content reaches about 1.5 wt.% in the alloy, two-phase region 

temperature of the alloy changes from 648.9ºC to 618.7ºC, and the solidification temperature range 

is 30.2ºC. 

 With the addition of the rare earth La, the metamorphism occurs in the microstructure of 

Al-Mg alloy, and the grains of alloy are refined. 

 While La is alloyed, the solidification time of Al-Mg alloy will be prolonged. 

 When the La content in the Al-Mg alloy is about 1.5 wt.%, the alloy achieves the best effect 

on the solidification range, microstructure and tensile strength with 314 MPa. 
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