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1 Introduction
Aluminum alloys have been widely used in automotive 
industry as structural parts with superior mechanical 
performances to meet the lightweight development 
of automobile. Al-7Si alloys are the representative of 
aluminum alloys with excellent microstructure and 
properties [1, 2] and are extensively used in wheels. It 
has been proved that the mechanical properties of cast 
Al-7Si alloy are determined by the microstructural 
characteristics, such as the morphology and size 
of α-Al primary phase [3], eutectic Si particles [4],
and some precipitates (Mg2Si and Fe-rich phase) [5] 
and so on. Many efficient methods have been proposed 
to modify the morphology and size of α-Al primary 
phase and eutectic Si particles, including chemical 
modification [6], quench modification [7], thermal 
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modification [8] and so on. Recently, the addition of 
rare metals as modifiers to these alloys has attracted 
considerable interest [9-11]. 

Rare earth elements are known as "industrial 
vitamins", which can increase product variety and 
improve productivity. The atomic radius of rare earth 
element is 0.174-0.204 nm [12], which is larger than the 
atomic radius of aluminum (0.143 nm). In the molten 
aluminum, rare earth elements are more active which is 
easy to accumulate at the crystal surface, resulting in a 
decrease in the surface tension at the interface between 
the new and the old phase [13]. A surface active film will 
be formed on the interface between the crystal grains 
and the molten metal to prevent the crystal grains from 
continuing to grow. The rare earth elements in the 
aluminum alloys play a role in refining and purifying 
the melt during melting process. At the same time as 
an alloying element, it can play a role of refinement 
and modification in aluminum alloys, resulting in 
grain refinement strengthening and solid solution 
strengthening and precipitation hardening [14, 15]. Studies 
have shown [16, 17] that rare earth modified needle-like and 
coarse flake-like eutectic silicon into granular or rod-
like shape. In addition, rare earth elements are slightly 
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soluble in aluminum alloy and react with other elements to form 
high melting point compounds during the solidification process. 
The performance of the alloy is strengthened because these 
high melting point rare earth compounds exist in the form of a 
network or skeleton disperse in the dendrites. Its combination 
with the matrix is relatively firm, which can strengthen and 
stabilize the grain boundary. Among all the rare earth elements, 
the most widely investigated rare earth elements include La, Ce, 
Er, Sc, Eu and Yb in Al-Si alloys. Gammer et al. [18] showed that 
among all the rare earth elements, Eu and La have the strongest 
ability to modify the microstructures as single addition element 
in aluminum alloy. So La was selected as the addition element 
in this study due to the low cost.

It has been known that adding La into aluminum alloy 
can effectively optimize the microstructures and mechanical 
properties [19, 20]. Though many research works have been 
carried out to report the modification effect of La on eutectic 
Si particles, its comprehensive effects in controlling the 
microstructures and mechanical properties have not been 
elucidated clearly. What's more, there is a lack of sufficient 
information about the existence form of La element. It is also 
essential to investigate the optimal addition content of La in the 
Al-7Si alloy to obtain the desired result and guide the practical 
production. Therefore, in the present work, the influence of rare 
earth La on microstructures and mechanical properties of Al-7Si 
alloy was investigated and discussed in detail.

2 Experimental procedure
A series of Al-7Si-xLa alloys with different addition content 
of La element (0, 0.1, 0.2, 0.4, wt.%) were prepared using 
low pressure die casting technique. The raw materials were 
commercial Al-7Si alloy and Al-20% La master alloy. During 
the low pressure die casting process, the raw materials were 
melted in an electric resistance furnace at a constant temperature 
of 800 °C. The melt was magnetically stirred at this temperature 
for 30 min and then was poured into a permanent steel mold 
which was pre-heated to 200 °C. The castings were cooled to 
room temperature in the air. The specimens were tested at as-
cast state and T6 heat-treated state. The T6 heat-treated samples 
were solution treated at 535 °C for 4 h, quenched in warm water 
of 50 °C, aged at 170 °C for 8 h and finally cooled to room 
temperature in the air. 

The rod-like tensile testing specimens (gage length of 25 mm 
and diameter of 6 mm) were prepared using wire cutting and 
the tensile testing was carried out on an Instron 8801 testing 
machine with tensile speed of 1 mm·min-1 at room temperature. 
To ensure the reproducibility and accuracy, three specimens 
were tested and their average values were taken as the final 
mechanical properties. Specimens for microstructural analysis 
were extracted from the end of the corresponding tensile 
specimens. Specimens after grinding, mechanical polishing and 
then etched using a mixture of HF and H2O were observed by 
optical microscopy (OM), scanning electron microscopy (SEM) 
and electron probe micro analysis (EPMA) which equipped with 

wavelength dispersive spectroscopic (WDS). Field emission 
scanning electron microscopy (FM-SEM) coupled with energy 
dispersive spectrometry (EDS) was used to conduct the phase 
and surface fracture examination. X-ray diffraction (XRD) 
was conducted to characterize the phase constitution of Al-7Si-
xLa alloys (x=0, 0.1, 0.2, 0.4, wt.%). The differential scanning 
calorimeter (DSC) instrument under Ar atmosphere was used to 
measure the undercooling degree with constant heating rate of 
10 °C·min-1 from 500 °C to 700 °C. The Image-Pro Plus (IPP 6.0) 
software was used to measure the size of eutectic Si particles 
and secondary dendrite arm spacing (SDAS).

3 Results and discussion
3.1 Thermal analysis
Figure 1 shows the solidification DSC curve of the heat flow 
difference of Al-7Si-xLa alloy between the reference and 
the sample cells versus the temperature at a constant rate of 
10 °C·min-1. The solidification process is exothermic which is 
clearly present in Fig. 1. During the solidification process, two 
distinct solidification exothermic peaks are observed for Al-
7Si alloy [Fig. 1(a)] and three exothermic peaks are observed 
for Al-7Si-0.1La alloy [Fig. 1(b)]. The first peak (A) observed 
corresponds to the solidification of the primary Al phase 
and then, the following second peak (B) corresponds to the 
eutectic reaction. The third exothermic peak (C) corresponds 
to the formation of intermetallics, especially the La-rich phase 
in the Al-7Si-xLa alloy [17]. The onset temperature of the first 
exothermic inflection points is regarded as the nucleation 
temperature of grains (TN). The second exothermic inflection 
point of the alloys is deemed as the eutectic nucleation 
temperature (TE). The values of TN and TE obtained from the 
DSC curves are summarized in Table 1. It can be obtained that 
the addition of La causes the increase of TE and TN. 

Undercooling degree is an important parameter determining 
the nucleation rate. The nucleation undercooling degree could 
be obtained according to Ref. [21] and the equations are as 
follows:

TE,Literature - TE,Measrued=∆ε (1)

TN=∆ε+TN,Measured (2)

∆TN=TL,Literature - TN (3)

where ∆TN is the undercooling degree. To calibrate the 
temperature of the DSC curves, the eutectic temperature is taken 
as a reference temperature. According to the TN and TE values 
summarized in Table 1, the nucleation undercooling degree is 
also calculated and summarized in Table 1. In the Al-7Si-0.1La 
alloy, the measured eutectic temperature is 598.53 °C and the 
theoretical eutectic value is 577 °C, so the ∆ε =-21.53 °C.
The nucleation temperature measured on the DSC curve is 
623.69 °C and the theoretical liquidus value is 639.63 °C. 
Finally, ∆TN is 37.47 °C. Similarly, ∆TN for Al-7Si alloy is 
15.63 °C. A relatively higher nucleation undercooling degree is 
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Fig. 1: DSC curves of Al-7Si (a) and Al-7Si-0.1La (b) alloy

obtained in Al-7Si-0.1La alloys due to the addition of 0.1wt.% 
La. Higher undercooling degree accelerates the nucleation 

of grains and precipitates suggesting that the nucleation is 
increased and subsequent growth is restrained.

Table 1: Thermal analysis parameters in Al-7Si-xLa alloy 

Samples TE,Measrued (°C) TN,Measured (°C) TE,Literature (°C) TL,Literature (°C) ∆TN (°C)

Al-7Si 563.1 610.1
577 [21] 639.63 [21]

15.63

Al-7Si-0.1La 598.53 623.69 37.47

3.2 Microstructure
Figure 2 shows representative eutectic structures of as-cast Al-
7Si-xLa alloys observed by OM at low magnification. It can be 
seen from the metallographic structure that the alloy structure 
is composed of a primary α-Al matrix, eutectic Si phase and a 
small amount of Fe-rich phase. Before and after the addition of 
La element, the alloy structures undergo significantly change, 
mainly reflect in the changes of the secondary dendrite arm 
spacing and the morphology and size of the Si particles. In the 

as-cast Al-7Si alloy without any modification [Fig. 2(a)], the 
eutectic Si particles present plate-like shape with large size 
(10-15 μm) of low roundness and high aspect ratio. With the 
addition of La, the eutectic Si particles present a fragmented 
shape, as shown in Figs. 2(b)-(d). In addition, a slight decrease 
in the Si particle size is achieved. However, due to the fibrous 
solidification characteristics of eutectic Si, it is difficult to 
describe quantitatively. The Al-7Si alloy with different La 
addition contents at T6 heat-treated state is investigated and the 
microstructures are shown in Fig. 3.

Fig. 2: Metallography of as-cast Al-7Si alloy with 0 (a), 0.1wt.% (b), 0.2wt.% (c), and 0.4wt.% (d) La

(a) (b)

50 μm50 μm

50 μm 50 μm

(a) (b)

(c) (d)
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Fig. 3: Microstructures of T6 heat-treated Al-7Si-xLa alloys: (a) 0; (b) 0.1wt.% La; (c) 0.2wt.% La; (d) 0.4wt.% La

It can be obtained from Fig. 3 that the T6 heat treatment process 
is beneficial to improve the morphology of eutectic Si phase from 
fibrous to globular shape. Because the solution heat treatment is 
carried out at a high temperature (535 °C), the solid solubility 
of Si in α-Al matrix is high. In addition, the high temperature 
accelerates the atomic movement ability, which provides 
dynamic conditions for the transformation of Si phase. Due to 
the diffusion of atoms, the Si particles with lower distortion are 
formed. In order to reduce the interfacial energy as much as 
possible, Si particles tend to develop into spheres. Therefore, 
the spheroidization and granulation of eutectic Si particles 
occur after heat treatment process. In order to determine the 
effects of La element on the level of refinement observed in 
the above microstructures, the SDAS and size of eutectic Si 
particles (including the area of Si and aspect ratio of Si) at T6 
heat-treated state were measured using IPP 6.0 software and 

the results are shown in Table 2. It can be obtained from the 
values that compare with the microstructure of T6 heat-treated 
Al-7Si alloy, the SDAS and area of Si phase of Al-7Si-0.1La 
alloy at T6 heat-treated state are decreased by 7.9% and 7%, 
respectively, which indicates that the La addition can refine 
both dendritic structure and eutectic Si particles. This is related 
to the high undercooling caused by the La element. However, 
when the La content is increased to 0.2wt.%-0.4wt.%, the 
grain structure is coarsened. It also can be obtained from 
Fig. 3(d) that when the La addition content is increased to 
0.4wt.%, a kind of La-rich phase with large size is formed in 
the alloy, which reduced the refining effect of La. In addition, 
due to the difference in size and content of La-rich phases 
between Al-7Si-0.2La and Al-7Si-0.4La, the Al-7Si-0.4La 
alloy shows better refining effect than Al-7Si-0.2La alloy.

Table 2: SDAS and size of Si phase of Al-7Si-xLa alloy at T6 
heat-treated state

La content
(wt.%)

SDAS
(μm)

Area of Si 
(μm2) Aspect ratio of Si

0 20.26 7.12±2.45 1.46±0.17

0.1 18.66 6.62±1.27 1.32±0.19

0.2 19.77 6.61±1.91 1.38±0.18

0.4 19.05 6.46±1.87 1.43±0.13

heat-treated alloys with different La contents and the results 
are presented in Fig. 4. The Al-7Si alloy is mainly composed 
of α-Al matrix and eutectic Si particles. With the addition of 
La element into Al-7Si alloy, in addition to these main phases, 
the Al4La and Al2Si2La phases are found.

The comparison results of La element distribution between 
T6 heat-treated Al-7Si-0.1La and Al-7Si-0.4La alloys observed 
by EPMA are shown in Fig. 5. The La-rich particles are 
marked with white round circles in Fig. 5. In the alloy with 
0.1wt.% La, a small number of La-rich phases are found and 
distribute uniformly in the alloy. These La-rich phases are 
Al4La phase without Si element. A large number of La-rich 
phases are observed to segregate in the vicinity of eutectic Si 
in the form of Al2Si2La phase. The average size of these La-
rich phases (Al4La and Al2Si2La) is about 0.5-1 μm. The La-

3.3 Al-Si-xLa phase distribution
The XRD spectra are used to identify the La-rich phases of T6 

La-rich phase

α-Al

(a) (b)

(c) (d)
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Fig. 6: Tensile properties of Al-7Si-xLa alloy at T6 
            heat-treated state

Fig. 4: XRD results of Al-7Si alloy with different La addition

rich phases segregate strongly to the eutectic Si phase and no 
significant enrichment of La exists in the primary Al. This 
indicates that the pathway of the segregated La distribution 
is consistent with that of the eutectic Si particles. La element 
has a very limited solubility in Al and the maximum La solid-
solubility in α-Al measured is 0.26wt.% at 625 °C. During 
the solidification process, La atoms can be absorbed into the 
growth steps at the solid-liquid interface of Si particles and 
inhibit the growth of the eutectic Si particles, which can refine 
the eutectic Si particles. When the amount of La is increased to 
0.4wt.% (Fig. 5), the La segregates in the eutectic Si zone and 
La-rich phases are formed with the size larger than 7 μm. The 
refinement effect of these La-rich phases is weaker than those 
small La-rich phases in Al-7Si-0.1La alloy.

Fig. 5: EPMA mappings of Al-7Si alloy with 0.1wt.% [22] and 0.4wt.% La addition

3.4 Tensile properties
The tensile properties of hypoeutectic Al-7Si alloy with 
different La additions at T6 heat-treated conditions are 
presented in Fig. 6. The optimal ultimate tensile strength 
(UTS),  yield strength (YS) and elongation reach 350.2 MPa, 
275.5 MPa and 12.75%, respectively when the addition of La 
is 0.1wt.%. The ultimate tensile strength is enhanced by 5.2% 
(from 333 MPa to 350.2 MPa) and the elongation is increased 
by 73% (from 7.37% to 12.75%) compared with the Al-7Si 
alloy without La. However, the tensile properties are decreased 
when the addition content of La reaches 0.2wt.%. 

The tensile properties of Al-7Si alloys are strongly dependent 
on grain size, SDAS, eutectic Si characteristics and so on. 
From the above observation, tensile properties of Al-7Si alloys 
are enhanced by the addition of La element, this is due to the 
reduction of SDAS value and the refinement of eutectic Si 
particles. Based on the analysis of previous studies [1-2, 22], the 
ductility is more sensitive to Si morphology. So modification 
brings about a significant increase in the ductility of Al-7Si alloy 

when the La content is 0.1wt.% and the eutectic Si particles 
present granular morphology. However, when the amount of 
La is increased to 0.2wt.%, the formation of large brittle La-
rich phases cleaves the aluminum matrix and deteriorates 
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the tensile properties of these alloys. Compared with the Al-
7Si-0.1La alloy, the tensile strength drops slightly and the 
elongation decreases dramatically in the Al-7Si-0.2/0.4La alloy.

3.5 Fractography
Figure 7 presents the SEM fractography of T6 heat-treated 
tensile specimens of Al-7Si alloy with different La contents. 
To elucidate the fracture mechanism, the EDS analysis is used 
to analyze the composition of phases (Point A, B and C in Fig. 7). 
The EDS analysis results are presented in Table 3.  

As can be seen, the fracture surface of the T6 heat-treated 
Al-7Si alloy without La addition shows a mixture of quasi-
cleavage and dimple morphology, extensive irregular 
cleavage planes and some tearing ridges. Therefore, the 

fracture mode is mixed ductile-brittle fracture. There are 
broken Si particles in the fracture surface of T6 heat-treated 
Al-7Si alloy, as shown in Fig. 7(e). Based on the composition 
in Table 3 (the weight percentage of Si is 77.07% at Point 
A), it is confirmed that the quasi-cleavage fracture surface is 
dominated by the Si phase. These coarse Si particles cause 
stress concentration during deformation and become the 
source of cracks, leading to lower elongation. It is noted in 
Fig. 7(b) that the Al-7Si alloy with the addition of 0.1wt.% 
La displays a large number of deep and small dimples which 
suggest the fracture mode is ductile fracture. The size of 
the dimples on the fracture surface is about 5-10 μm. The 
La-rich particles with small size are distributed between 
the dimples as shown in Fig. 7(f), which plays a role in 

Fig. 7: Fracture surfaces of Al-7Si alloy with different contents of La after T6 process: (a) 0; (b) 0.1wt.%; 
(c) 0.2wt.%; (d) 0.4wt.%; (e) magnified image of (a); (f) magnified image of (b)

Table 3: EDS analysis results of different fracture surfaces

Position
Element content (wt.%)

Al Si La

A 22.93 77.07 -

B 59.99 15.58 24.43

C 23.47 24.80 51.73

(a) (b)

(c) (d)

(e) (f)

precipitation strengthening effect and thus improves the 
tensile properties. With the La addition, it can be seen that 
the addition of 0.1wt.% La decreases the size and increases 
the number of dimples slightly. This is consistent with the 
change of the size of SDAS and eutectic Si particles. With La 
content further increasing, there are massive coarse Al2Si2La 
phases in the fracture surface of alloy with 0.2wt.% and 
0.4wt.% La in Figs. 7(c) and (d) (marked by white circle). 
These brittle phases act as stress concentrated points during 



 487

CHINA  FOUNDRYVol. 18 No. 5 September 2021
Research & Development

tensile process, and thus brittle fracture occurs. Thus, the 
fracture mode of the alloy changes to the mixed ductile-
brittle fracture mode. The strength and elongation are 
decreased correspondingly.

4 Conclusions
In the present study, the microstructure and fracture behavior 
of the Al-7Si alloys with different rare earth La addition 
contents were investigated and analyzed in detail. The main 
conclusions can be summarized as follows:

(1) When the rare earth La element is added into the Al-
7Si alloy, the La-rich phases precipitate in the form of Al4La 
and Al2Si2La phases in the eutectic zone. A relatively higher 
nucleation undercooling degree of 37.47 °C is observed. 
Higher undercooling degree suggests that nucleation is 
accelerated and the growth of eutectic Si is restrained. 

(2) Rare earth La can effectively refine the microstructure, 
such as SDAS and eutectic Si particles. The SDAS and area of 
Si particles in T6 heat-treated Al-7Si-0.1La alloy are decreased 
by 7.9% and 7%, respectively compared with T6 heat-treated 
Al-7Si alloy. The optimal tensile properties are 350.2 MPa, 
275.5 MPa and 12.75% for UTS, YS and elongation, respectively. 

(3) The fracture behavior of Al-7Si alloy at T6 heat-treated 
state is ductile-brittle mixed fracture. With the refinement and 
homogenization of microstructure caused by the addition of 
0.1wt.% La, the fracture mode gradually transforms to ductile 
failure mode. The fracture mode evolves into ductile-brittle 
mixed fracture again in Al-7Si-0.2/0.4La due to the existence 
of large La-rich phase. 
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