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Abstract: In order to investigate the combing effect of Er and Sr on the microstructure and mechanical properties of A356 alloy, 

Al-10Er-5Sr master alloy was fabricated and its microstructure and phase compositions were investigated. The optimal content of 

Al-10Er-5Sr in A356 alloy was obtained according to the evolution of microstructure and mechanical properties. The results show 

that α-Al, Al

4

Sr and Al

3

Er are the main phases in Al-10Er-5Sr. In addition, the aluminum alloy with 0.6wt% Al-10Er-5Sr exhibits 

optimal microstructure and mechanical properties, with the secondary dendrite arm spacing (SDAS) decreasing to 20.2 µm and 

acicular-like eutectic silicon transforming to fibrous. Due to the improved microstructure, the ultimate tensile strength of the alloy 

(with 0.6wt% Al-10Er-5Sr) increases to 203.5 MPa, which is much better than that of untreated A356 aluminum alloy. Finally, the 

grain refinement and modification mechanisms were discussed. 
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The A356 aluminum alloy has widespread applications 

especially in the aerospace and automotive industries because 

of the excellent properties including castability, weldability, 

corrosion resistance and integrated mechanical properties

[1,2]

. 

While, as it is well known, the tensile strength and ductility of 

the as-cast alloy are limited by the coarse dendritic structures 

and acicular-like eutectic silicon phase

[3,4]

. To improve 

mechanical properties, in particular to increase the tensile 

elongation, the modification of the coarse eutectic phase can 

be achieved in various ways, such as adding certain elements 

(chemical modification), a rapid cooling rate (quench 

modification), semi-solid processing and electromagnetic 

stirring

[5-10]

. It is found that adding element is the most popular 

and effective. The eutectic silicon phase is usually modified 

from coarse and plate-like to fine and fibrous morphology by 

adding the elements such as strontium (Sr), sodium (Na), 

antimony (Sb) and rare earth elements to the melt

[11,12]

. 

Specifically, Sr and its master alloys, as a kind of the most 

effective modifiers, were extensively investigated and 

used

[13,14]

. Emamy et al

[15]

 found that the optimal Sr level for 

introducing a uniform structure was 0.2wt% in A356-10% 

B

4

C metal matrix composite, while the Sr addition did not 

change tensile results significantly but the elongation 

enhancement was meaningful. Cui et al

[16]

 found that 0.5wt% 

Al-3B-5Sr master alloy produced satisfactory grain refining 

and modifying effects, resulting in the improved mechanical 

properties of A356 alloy. Similar effect was obtained by the 

addition of Al-Ti-C-Sr into A356 alloy

[17]

. Among rare earth 

elements, Er proved to be an effective strengthening element 

for Al alloys

[18-20]

. Recent studies have focused on the addition 

of Er to Al-Si-Mg-(Cu) hypoeutectic or eutectic alloys

[21,22]

, 

showing improved yield stress (YS), ultimate tensile strength 

(UTS) and elongation to fracture (δ%) of Er containing alloys 

after room temperature tensile tests. The effect of Er can be 

explained by the precipitation of nanometric L1

2

Al

3

Er 

dispersoids that, due to their crystallographic coherency with 

Al and their low coarsening rates, are very effective in 

retarding dislocations motions. It can be seen from the 

reported literatures that the effect of Sr and Er elements on 

A356 alloy was investigated individually. Meanwhile, it is 
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assumed that a proper coordination of Sr and Er can have a 

good grain refinement and modification effect on A356 alloy. 

However, to our best knowledge, few literatures have reported 

the actual experimental data up to date. Therefore, it is 

necessary to investigate the synergistic effect of Sr and Er on 

the microstructure and mechanical properties of A356 alloy. 

In this work, the microstructure and phase compositions of 

Al-10Er-5Sr master alloy were investigated. What’s more, the 

influence of Al-10Er-5Sr on the microstructure and tensile 

properties of the as-casted A356 aluminum alloy were studied 

and the optimal content was obtained. Meanwhile, the 

mechanisms of the synergistic effect of Sr and Er addition on 

the grain refinement and eutectic modification in hypoeutectic 

Al-Si alloy were discussed. 

1  Experiment 

In this experiment, pure aluminum (with the purity of 

99.7%), binary Al-10Sr and Al-10Er master alloys were used 

for preparation of Al-10Er-5Sr master alloy. Detailed steps 

were as follows: Firstly, melting pure aluminum at the 

temperature of 740 °C in an induction melting furnace and 

holding the melt for 10 min. Secondly, removing the slag, 

raising the temperature to 800 °C and holding for 10 min. 

Thirdly, adding Al-10Sr and Al-10Er master alloys into the 

melt and holding for 15 min, then stirring the melt for 5 min. 

Finally, reducing the temperature to 720 °C and keeping for 10 

min, then pouring the melt into a permanent mold to obtain 

Al-10Er-5Sr master alloy.  

A356 alloys with different contents (0.0wt%, 0.4wt%, 

0.6wt%, 0.8wt%, 1.0wt%) of Al-10Er-5Sr were prepared as 

follows: First, melting about 1000 g of A356 alloy in a 

graphite crucible with a well electric resistance furnace at the 

temperature of 750 °C, removing the slag and degassing the 

melt by flowing high purity argon gas for 5 min. Second, 

adding certain quantity of Al-10Er-5Sr master alloy (with the 

compositions shown in Table 1) into the melt, holding for 10 

min and degassing the melt again for 5 min. At last, removing 

the slag and pouring the melt into a permanent mold (the inner 

diameter and height of 45 mm and 160 mm, respectively) to 

obtain the required specimens.  

To ensure the reproducibility of the experiment, samples 

used for microstructure observation were cut into the dimensions 

of 10 mm×10 mm×10 mm by an electro-discharging machine 

from the same position of the specimens. Typical metallo- 

graphic method was applied for sample preparation. Namely, 

samples were gradually prepared by grinding through 400#, 

600#, 800#, 1000#, 1500# and 2000# grit papers followed by 

polishing with 0.5 µm polishing paste, then the samples were 

 

Table 1  Chemical compositions of Al-10Er-5Sr master 

alloys (wt%) 

Er Sr Al 

9.52 4.68 Bal. 

etched by Keller’s reagent for 15 s at room temperature, 

finally rinsed with distilled water, alcohol and dried by cold 

flowing air. Olymups-BX41M optical-microscope (OM) and 

Hitachi S4800 scanning electron microscope (SEM) equipped 

with energy-dispersive spectra (EDS) were used for micro- 

structure observation. SmartLab (Rigaku) X-ray diffraction 

(XRD) using copper Kα radiation was employed to identify 

the phase compositions. Image Pro Plus 6.0 software was 

applied to measure the grain distribution, secondary dendrite 

arm spacing (SDAS) and the morphology of eutectic silicon. 

Tensile properties (according to the standard of GB/T228.1- 

2010) of the samples were obtained at room temperature by 

using a SANS Electron Universal Material Testing Machine, 

with a maximum load of 10 kN. The tests were controlled by a 

displacement speed of 0.5 mm/min and the results were 

recorded by a personal computer. For each condition more 

than three samples were tested to guarantee the reproducibility 

and the average values were used in this paper. 

2  Results and Discussion 

2.1  Microstructure and phase composition of Al-10Er-5Sr 

master alloy 

The chemical composition of Al-10Er-5Sr master alloys is 

very close to the designed composition, as shown in Table 1. 

The microstructure of Al-10Er-5Sr master alloy is displayed in 

Fig.1. It can be seen that the white block phases, the dark 

strip-like phases and lots of acicular phases (the length and 

width of about 30 µm and 0.5~1 µm, respectively) are 

embedded in the matrix, as shown in Fig.1a. The EDS results 

shown in Fig.1b and 1c indicate that the atomic ratio of Al:Sr 

is around 4:1, which means that the dark strip-like phases can 

be regarded as Al

4

Sr. The EDS result shown in Fig.1d 

indicates that the white block phase is AlEr intermediate 

compound. To clearly clarify the phase compositions, XRD 

detection was applied and the result is shown in Fig.2. It can 

be proved that Al-10Er-5Sr master alloy is mainly composed 

of α-Al, Al

4

Sr and Al

3

Er phases. 

2.2  Grain refinement and modification performance of 

Al-10Er-5Sr 

The grain refinement, modification performance and SDAS 

evolutions of A356 alloy treated by the Al-10Er-5Sr are 

presented in Fig.3 and Fig.4, respectively. It can be seen that 

the phase composition of the untreated A356 alloy is com- 

posed of the coarse α-Al dendrites and acicular-like eutectic 

silicon, as shown in Fig.3a. The SDAS of the untreated A356 

alloy is about 36.1 µm. It is clear that the sample with small 

quantities of Al-10Er-5Sr (0.4wt%, as shown in Fig.3b and 

Fig.4), the morphology of eutectic silicon transforms from 

acicular-like to fibrous and the SDAS decreases to 25.56 µm. 

In addition, with increasing the Al-10Er-5Sr content to 

0.6wt% (as shown in Fig.3c), the content of the coarse dendr- 

ites decreases obviously and more equiaxed crystals form. 

Additionally, the SDAS significantly decreases to 20.2 µm, 
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Fig.1  SEM microstructure (a) and EDS results of points A (b), B (c), 

C (d) of Al-10Er-5Sr master alloy in Fig.1a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Phase composition of Al-10Er-5Sr master alloy 

 

which is about 56% of that of the untreated alloy. The grains 

are apparently refined. With increasing the Al-10Er-5Sr 

content to 0.8wt%, the equiaxed crystals coarsen and the 

coarse dendrites increase, as shown in Fig.3d. The SDAS 

slightly increases to about 24.3 µm. With increasing the 

Al-10Er-5Sr content to 1.0wt% (as shown in Fig.3e), the 

coarse dendritic structures decrease slightly and the SDAS 

reach 23.96 µm. Under the present conditions, specimens with 

Al-10Er-5Sr content of 0.6wt% possess the optimal grain 

refinement performance.  

In order to further understand the effect of Al-10Er-5Sr, 

more detailed detections and analyses are applied. Fig.5 shows 

the morphology evolution of eutectic silicon treated by 

different processes. Acicular-like eutectic silicon with the 

length of 20~50 µm and width of 2~5 µm are found in the 

untreated A356 alloy (Fig.5a). Meanwhile, some blocky 

eutectic silicon of 5~7 µm are also embedded in the matrix. 

For the alloy treated with 0.4wt% Al-10Er-5Sr (Fig.5b) 

acicular-like eutectic silicon changes into fibrous with the 

length of 1~5 µm. While, it should be noted that some 

irregular blocky eutectic silicon of 5~7 µm can still be found, 

which may deteriorate the as-cast mechanical properties of 

A356 aluminum alloy. For the alloy treated with 0.6wt% 

Al-10Er-5Sr (Fig.5c) almost all of the eutectic silicon are short 

fibrous or fine particles of 1~2 µm which homogeneously 

distribute along the grain boundaries. When the addition of 

Al-10Er-5Sr reaches 0.8wt%, the modified eutectic silicon in 

Fig.5d is slightly inferior to the one in Fig.5b. However, the 

1.0wt% addition of Al-10Er-5Sr in turn coarsens the eutectic 

silicon. 

2.3  Mechanical performance of A356 with Al-10Er-5Sr 

Fig.6 shows the mechanical properties of A356 alloy with 

different treating processes. It is clear that the ultimate tensile 

strength of the specimens increases first and then decreases 

gradually. The tensile strength of the untreated alloy is 183.9 

MPa. As for the alloys treated by Al-10Er-5Sr master alloy (as 

shown in Fig.6), the mechanical properties increase gradually 

as the content of Al-10Er-5Sr increases from 0.0wt% to 

0.6wt%. Particularly, the alloy with the Al-10Er-5Sr content of 

0.6wt% possesses the highest ultimate tensile strength (up to 

203.5 MPa), which is improved by 10.7% compared with the 

untreated alloy. When the addition of the Al-10Er-5Sr master 

alloy reaches 0.8 wt% or more, the tensile strength decreases 

gradually. Compared with A356 alloys treated by different 

contents of master alloys

[21,23-25]

, an excellent increment of 

strength performance can be achieved by addition of 

Al-10Er-5Sr master alloy (as shown in Table 2). 

2.4  Discussion 

2.4.1  Effect of Al-10Er-5Sr alloy on the refinement of α-Al 

grains 

Grain refinement process of Al-10Er-5Sr master alloy can 

be explained as follows: Al-10Er-5Sr is added in the form of 

master alloy and it is composed of α-Al, Al

4

Sr and Al

3

Er 

phases (as shown in Fig.2). Thus, during the solidification of 

the melt, Al

4

Sr (with melting point of 1025 °C) and Al

3

Er 

(with melting point of 1070 °C) can stably exist in the melt 

and the lattice constants of Al

4

Sr and Al

3

Er are similar to α-Al, 

so they can be served as the nucleating sites for α-Al

[26,27]

, 

leading to heterogeneous nucleation of α-Al and refined α-Al 

(as shown in Fig.3). It has been known that SDAS is one of 

the critical parameters of dendrite structure, which reflects the 

refinement effect of a refiner. Meanwhile, smaller SDAS can 

result in the reduction of elements segregation and microporo- 

sities, leading to the improvement of mechanical properties

[28]

. 

In addition, SDAS is determined by the growth and ripening 
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Fig.3  Microstructures of A356 alloys with different contents of Al-10Er-5Sr: (a) 0.0wt%, (b) 0.4wt%, (c) 0.6wt%, (d) 0.8wt%, and (e) 1.0wt% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  SDAS evolution of A356 alloys with different contents of 

Al-10Er-5Sr 

 

process of secondary dendrites. Once the diffusion field of one 

dendritic crystal contact with the field of another, they begin 

to ripen and coarsen. In the present conditions, the 0.6wt% 

Al-10Er-5Sr addition achieves the smallest SDAS value, 

which notes the alloy treated by 0.6wt% Al-10Er-5Sr achieves 

the best effect on the α-Al grain refinement. The refining 

effect was also found in the literature

[21-23]

. 

On the other hand, increasing the Al-10Er-5Sr content (�

0.8wt%) in turn reduces the refinement effect. This reduction 

can be ascribed to the formation of AlSiMgEr and AlSiMg- 

FeSrEr intermetallic compounds (as shown in Fig.7 and Table 

3), resulting in the loss of the Si and Mg solutes, leading to the 

deviation of the alloy composition from that of Er-free 

composites, which will increase the SDAS value. The similar 

phenomenon was also identified in the literature

[20,22,23]

. 

2.4.2  Effect of the Al-10Er-5Sr alloy on the refinement of 

silicon phases 

In order to identify the modification mechanism of 

Al-10Er-5Sr, area scanning was used and the distribution of 

the concerned elements (Al, Si, Sr, Er) are displayed in Fig.8. 

It is confirmed that Si and Sr are obviously segregated on the 

grain boundary and the segregation path of Sr is consistent 

with that of Si, while Er distributes homogeneously in the 

matrix. It is illustrated that the modification mechanism of Sr 

is that Sr-rich compounds partly dissolve and release Sr 

atoms

[16]

, then Sr atoms accumulate at the solid-liquid 

interface and are absorbed in the Si lattice, leading to the 

poison of the {111} closely packed planes in Si. Thus, the 

frequent twining is promoted and the growth rate of Si phases 

is reduced and the growth flexibility of the Si branches is 

accelerated correspondingly. As a consequence, the modified 

eutectic Si is prone to bend, curve and split, leading to the 

finer morphology of eutectic Si

[21]

. As the Er atom has a 

smaller atomic radius (0.175 nm) and a large atomic mass 

(167.26) than  the Sr atom (0.215 nm, 87.62), it is easier to 

enrich in front of the eutectic cells because of its difficulty in 

diffusion, which greatly poisons the orientation growth of the 

Si phases. Moreover, the Er atom has a more physicochemical 

activity than Sr, La and Ce atoms, which can eliminate the 

oxide bifilms and purify the melts. With these two reasons, the 

fine particles or short rods form. A similar phenomenon was 

also found in the Er-modified Al-12.6wt% Si hypereutectic 

alloys, but the action mechanism was not provided

[22,29]

. Above 

all, the satisfactory grain refinement and modification perfor- 
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Fig.5  Morphologies of eutectic silicon particles of modified A356 alloys with different contents of Al-10Er-5Sr at T6 state: 

(a) 0.0wt%, (b) 0.4wt%, (c) 0.6wt%, (d) 0.8wt%, and (e) 1.0wt% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Tensile strength of the A356 alloys treated by different pro- 

cesses at as-cast state 

 

Table 2  Mechanical properties of the as-cast A356 aluminum 

alloys under different conditions 

Alloy Master alloy 

Tensile 

strength/MPa 

Increment in 

UST/% 

A356 0.6wt% Al-10Er-5Sr 203.5 10.7 

A356.2[23] 0.2%Al5Ti1B+0.2%Al-10Sr 200.4 7.9 

A356[24] 2.5%TiB

2

+0.1%La 187.6 10.2 

A356[24] 2.5%TiB

2

 180.1 7.8 

A356[21] 0.3%Er 195.3 5.6 

A356[25] 0.6%Al-2.5Ti-0.5B-5Sr 194 7.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  SEM image (a) of the A356 alloy treated by 1.0% Al-10Er- 

5Sr and the EDS spectra of points A (b), B (c), C (d) in Fig.7a 
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Table 3  EDS analysis results of phase composition at points marked in Fig.7a (at%) 

Point Al Si Mg Fe Er Sr 

A 74.43 12.28 8.61 2.78 0.71 1.18 

B 70.79 14.35 9.13 3.42 0.88 1.42 

C 85.62 6.74 4.74 1.67 0.42 0.80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Area scanning results of A356 alloy treated by 0.6% Al-10Er-5Sr: (a) SE image and distribution of Al (b), Si (c), Sr (d) and Er (e) 

 

mance are due to the combing effect of Sr and Er. 

Besides, it should be noted that Er distributes uniformly in 

the matrix (as shown in Fig.8) and Er atom is larger than Al 

atom, leading to the distortion of Al lattice and the formation 

of the elastic stress fields, which will interact with the elastic 

stress fields of the dislocation. Accordingly, the resistance to 

dislocation movement increases and the solid solution 

strengthening is acquired, which finally helps to improve 

tensile strength. 

3  Conclusions 

1) Al-10Er-5Sr master alloy with a strip-like microstructure 

can be successfully fabricated by using Al-10Er and Al-10Sr 

master alloys. Al-10Er-5Sr master alloy is mainly composed 

of α-Al, Al

4

Sr and Al

3

Er phases. 

2) The addition of Al-10Er-5Sr master alloy can not only 

decrease the SDAS, but also modify the eutectic silicon from 

acicular-like to fibrous or particles. The optimal Al-10Er-5Sr 

content is 0.6wt%, leading to the tensile strength improvement 

by 10.7% compared with the traditionally treated alloys. 

3) The modification mechanism of Er is similar to that of Sr. 

The restriction of the Si growth and optimization of eutectic 

silicon morphology are achieved by the combing effect of Er 

and Sr. 
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