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Abstract: Al−Si alloy was modified with Al−3P master alloy at 740 °C. The effects of Si content (7, 8, 9, 10 and     
11 wt.%) and adding amount of alterant Al−3P (0, 0.1, 0.3, 0.6, 1.0 and 1.5 wt.%) on microstructures and tensile 
properties of the alloy were investigated with optical microscope (OP), Image Pro Plus 6.0, scanning electron 
microscope (SEM) and universal testing machine. When the content of Al−3P is 0.6 wt.%, the area fraction of primary 
α(Al) in the Al−Si alloy increases more compared to the unmodified alloy with an increase in Si content, which could 
be explained by the movement of non-equilibrium eutectic point. When the Si content is constant (Al−10Si), with the 
increase of Al−3P content, the increased rate in area fraction of primary α(Al) phase in the Al−10Si alloy increases first 
and then decreases. And when 0.6 wt.% Al−3P is added, the increase in area fraction of primary α(Al) phase is the 
largest. Compared to the unmodified Al−10Si alloy, the tensile strength and elongation of Al−10Si alloy increase by 
2.3% and 47.0%, respectively, after being modified with 0.6 wt.% Al−3P alloy. The fracture mode of the modified 
Al−10Si alloy is ductile fracture. 
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1 Introduction 
 

Hypoeutectic Al−Si alloys have excellent 
casting performance, fatigue resistance, and 
corrosion resistance, as well as high specific 
strength and comprehensive mechanical properties. 
These properties enable their widespread use in the 
aviation, aerospace, military and automotive 
industries [1,2]. The mechanical properties of 
hypoeutectic Al−Si alloys are dependent on two 
factors: one is the relative number and size of the 
α(Al) phase in the alloy, and the other is the 

morphology, size and distribution of eutectic Si in 
the alloy [3,4]. Under conventional casting 
conditions, the eutectic Si in hypoeutectic Al−Si 
alloys exists in a flaky or acicular form [5]. 
According to previous studies [6−8], the 
morphology of eutectic Si can be modified with Na, 
Sr or Sb in industrial production, accompanied with 
a decrease in particle size. Rare earth elements, 
including La, Eu, Yb, Y and Sc [9−14], can also 
alter the morphology of eutectic Si in Al−Si alloys 
into a fibrous or fine lamellar structure after 
modification. Al−P modifiers have been used to 
improve the effects of heterogenous nucleation of 
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near eutectic and hypereutectic Al−Si alloys [15]. 
Previous research [16] reported that Cu−P master 
alloy can refine the primary Si in hypereutectic 
Al−Si alloys. Additionally, Al−3P and Al−10Sr 
master alloys can refine primary Si and eutectic Si 
in Al−30Si alloys [17]. WANG et al [18] reported 
that the sub-rapidly solidified Al−10Ti master alloy 
has better grain refinement efficiency on Al−7Si 
alloy. The area fraction of primary Si in 
hypereutectic Al−Si alloys modified with Al−3B 
has significant influence on the comprehensive 
mechanical properties of the alloy [19]. 

To improve the microstructure and mechanical 
properties of hypereutectic Al−Si alloys, initially, 
phosphorus was used as a modifier to refine the 
primary Si, but the phosphorus yield was low   
and it would cause environmental pollution. ZUO  
et al [20] modified the ZL109 alloy with Al−15Si− 
3.5P master alloy, which not only improved the 
phosphorus yield, but also had better modification 
effects. When 2 wt.% Al−15Si−3.5P master alloy 
was added, the size of primary Si phase in Al−Si 
alloys was refined from 150 to 37 m. ZENG et 
al [21] reported that the complex effect of 
phosphorus and rare earth elements can further 
improve the morphology of primary and eutectic Si 
in hypereutectic Al−Si alloys and significantly 
improve the mechanical properties of the alloy. 
Phosphorus and yttrium have obvious modification 
effects on hypereutectic Al−Si alloys [22], and the 
mechanical properties of hypereutectic Al−Si alloys 
modified by phosphorus and rare earth minerals 
have been significantly improved. 

Although there are some researches reported, 
little attention has been paid to the influence of 
modification on the non-equilibrium eutectic point 
of Al−Si alloys and the microstructure and 
mechanical properties of the alloys. In this work, 
the Al−3P master alloy was used to modify 
hypoeutectic Al−Si alloys. The changes in the non- 
equilibrium eutectic point caused by the modification 
of Al−3P and the variation rule of the area fraction 
of primary α(Al) in Al−Si alloys were investigated. 
The results provide important guidance for the 
industrial production of hypoeutectic Al−Si alloys. 
 
2 Experimental 
 

Hypoeutectic Al−xSi (x=7, 8, 9, 10, 11 wt.%) 
alloys were prepared using industrial pure 

aluminium (99.97 wt.%) and Al−50Si master alloy. 
The pure aluminium and Al−50Si master alloy were 
first mixed and melted at 800 °C to prepare 3000 g 
of Al−xSi eutectic alloy. Then, the melt was poured 
at room temperature into a steel mold with an inner 
size of 100 mm × 60 mm × 8 mm to obtain Al−Si 
ingots. 

Based on previous work [23], the obtained 
Al−Si alloys were modified by the Al−3P master 
alloy at 740 °C. To study the effects of Si content 
on the modification effect of the alloys, a set of 
Al−xSi ingots with masses of 200 g were remelted, 
and 0.6 wt.% Al−3P alloy was added for 
modification treatment. To investigate the influence 
of adding amount of Al−3P, another set of 200 g 
Al−10Si alloys were remelted, and 0, 0.1, 0.3, 0.6, 
1.0 and 1.5 wt.% Al−3P alloys were added into the 
melt. The modified treatment time was 5 min. 
During the melting process, a coating agent with 
NaCl:KCl:Na3AlF6 of 30%:45%:25% was used to 
protect the liquid alloy from oxidation. Subsequent 
to modification, the melt was constantly stirred for 
several seconds. 0.1% C2Cl6 was used for degassing 
the melt before pouring. Lastly, the melt was 
poured into a 100 °C mild steel mold with an inner 
size of d12 mm × 100 mm. 

Samples for metallographic analysis were cut 
at a position of 10 mm from the bottom of the 
casting samples. These samples were polished to a 
mirror finish using a diamond spraying agent and 
were etched with 0.5% HF solution. The 
microstructural characterization was obtained via a 
Leica DIM 3000 optical microscope (OM). The 
area fraction of primary α(Al) was calculated using 
Image-Pro Plus 6.0 software. Tensile tests were 
carried out on specimens with 6 mm in gauge 
diameter and 30 mm in gauge length at a stretching 
speed of 2 mm/min using a WDW−300 universal 
tensile testing machine. In these tests, three samples 
were conducted and the average value was 
determined. The fracture morphologies of the 
tensile samples were carried out with a JSM−6510 
scanning electron microscope (SEM) [24,25]. 
 
3 Results and discussion 
 
3.1 Effect of Si content on microstructure of 

Al−Si alloys modified with Al−3P 
Figure 1 shows the microstructures of the 

unmodified and modified Al−Si alloys with 
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Fig. 1 SEM images showing microstructure of unmodified and modified Al−Si alloy with 0.6 wt.% Al−3P master alloy: 

(a) Unmodified Al−7Si; (b) Modified Al−7Si; (c) Unmodified Al−9Si; (d) Modified Al−9Si; (e) Unmodified Al−11Si; 

(f) Modified Al−11Si 

 

0.6 wt.% Al−3P alloy. Figures 1(a, c, e) show 
microstructures of the unmodified hypoeutectic 
Al−Si alloy. As the Si content increases, the area 
fraction of primary α(Al) decreases, while that of 
the eutectic structure increases. As shown in   
Figs. 1(b, d, f), after the modification of 0.6 wt.% 
Al−3P alloy, the amount of primary α(Al) in the 
hypoeutectic Al−Si alloy increases to different 
degrees compared to the unmodified alloy and the 
number of eutectic structures increases. Table 1 
gives the results from quantitative analysis of the 
area fraction of primary α(Al) in unmodified Al−Si 
alloys and the alloys modified with 0.6 wt.% Al−3P 
alloy. With the increase of Si content, the area 
fraction of primary α(Al) in the alloy samples is 

Table 1 Area fractions of primary α(Al) in hypoeutectic 

Al−Si alloys and its increased quantity after modification  

Alloy
Area fraction 

before 
modification/%

Area fraction 
after 

modification% 

Increased 
area 

fraction/%

Al−7Si 73.2 76.8 3.6 

Al−8Si 67.9 72.8 4.9 

Al−9Si 60.4 65.2 5.2 

Al−10Si 52.8 60.7 7.9 

Al−11Si 41.9 50.1 8.2 

 
gradually reduced, but the effect of modifier on the 
area fraction shows a gradually increasing trend. 
Previous research [26] demonstrated that the 
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increased area fraction of primary α(Al) in the 
Al−Si alloy was dependent on two factors; one is 
the movement of the eutectic point of the Al−Si 
alloy caused by the modification of Al−3P, and the 
other is the variation of Si content in the alloy melt. 

To further analyze the changes in the area 
fraction of primary α(Al) in the modified Al−Si 
alloy, a schematic diagram of the influence of 
Al−3P addition on the movement of non- 
equilibrium eutectic point in the Al−Si phase 
diagram was drawn, as shown in Fig. 2. C 
represents the equilibrium eutectic point and C′ 
represents the non-equilibrium eutectic point 
modified by Al−3P. The Al−Si alloy modified by 
0.6 wt.% Al−3P alloy has an undercooling degree 
lower than that of the hypoeutectic alloy, which 
causes the non-equilibrium eutectic point of the 
Al−Si system to move to the left. Combined with 
Lever’s law, the fraction of primary α(Al) in 
hypoeutectic Al−Si alloys decreases after the alloy 
is modified with Al−3P master alloy. There are 
many fine Al−P particles in the Al−3P alloy, which 
could act as heterogeneous nucleation cores for 
eutectic or primary Si to promote the growth of the 
Si phase. Following the precipitation of Si particles, 
the Si-poor region forms within the liquid area 
surrounding the Si particles. This promotes the 
nucleation and growth of the α(Al) phase, and the 
area fraction of primary α(Al) in the hypoeutectic 
Al−Si alloy increases. Figure 3 shows a schematic 
diagram of the influence of Si content on the total 
increased area fraction of primary α(Al) in      
the hypoeutectic Al−Si alloy modified with Al−3P. 
When the Si content remains constant, the increased 
 

 
Fig. 2 Schematic diagram showing variation of non- 

equilibrium eutectic point of Al−Si alloy after 

modification with Al−3P 

 

 

Fig. 3 Schematic diagram showing area fraction change 

of primary α(Al) in hypoeutectic Al−Si alloy modified 

with Al−3P as function of Si content 

 

area fraction of primary α(Al) caused by the 
formation of the Si-poor region is larger than    
the decreased area fraction of the phase caused   
by the movement of non-equilibrium eutectic point 
of the Al−Si alloy. As a result, the total area 
fraction of primary α(Al) increases in the Al−Si 
alloy. 
 

3.2 Effect of adding amount of Al−3P on micro- 
structure of Al−10Si alloy 

The amount of primary α(Al) in Al−10Si 
alloys modified with 0.6 wt.% Al−3P alloy 
increases more than that in Al−7Si, Al−8Si and 
Al−9Si alloys. When the Si content is 11 wt.%, a 
little primary Si appears in the alloy. This is 
because when smelting Al−11Si, more Al−50Si 
needs to be added to the alloy melt. Al−50Si is a 
hypereutectic alloy with coarse Si phase. The 
melting point of Al−11Si is very close to the 
eutectic point, which will cause the insufficient 
dissolution of primary Si, and there will be 
fluctuations in the Si concentration in the alloy  
melt. Therefore, a small amount of primary Si is 
still present in the Al−11Si alloy. 

The Al−10Si alloy is used as the focus in this 
study. Figure 4 shows the microstructures of the 
unmodified Al−10Si and the alloys modified with 
different amounts of Al−3P. The unmodified 
Al−10Si alloy consists of coarse primary Si, a small 
amount of coarse α(Al) phase, and a large amount 
of eutectic structures. Due to the precipitation   
and growth of primary Si, a Si-poor region appears 
in the surrounding liquid phase, which results in 
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Fig. 4 SEM images showing microstructure of unmodified Al−10Si alloy (a) and alloy modified with different amounts 

of Al−3P: (b) 0.1 wt.%; (c) 0.3 wt.%; (d) 0.6 wt.%; (e) 1.0 wt.%; (f) 1.5 wt.% 
 
nucleation and growth of the α(Al) phase. The 
primary Si and α(Al) phases in the Al−10Si alloy 
are refined after modification, and the number of 
eutectic structures increases, (Figs. 4(b−f)). The 
morphology of the primary α(Al) is slightly altered 
after the modification with Al−3P, while the area 
fraction of primary α(Al) changes. 

The area fraction of primary α(Al) in the 
unmodified Al−10Si alloy and the alloy modified 
with different amounts of Al−3P were 
quantitatively calculated with Image-Pro Plus 
software. The results are given in Table 2. The area 
fraction of primary α(Al) in the unmodified 
Al−10Si alloy is 52.7%. The area fraction of 
primary α(Al) in the modified Al−10Si alloy 
initially increases and then decreases when 
additional amount of Al−3P is added. 

Figure 5 shows the effects of adding amount of 
Al−3P on the area fraction of primary α(Al) in 
Al−10Si alloy. When the Si content is constant and 
the amount of Al−3P increases, the Si concentration 
fluctuates more, and the formation of Si-poor 
regions leads to the increase of primary α(Al). 
However, when the adding amount of Al−3P is 
greater than 0.6 wt.%, many Al−P particles fill the 
entire melt region. The Si-poor regions forming 
around the Si phase decrease, which results in the 
decrease of primary α(Al). The result of the 
combined effects of the two is that with the increase 
in Al−3P content, the area fraction of primary α(Al) 
in the Al−Si alloy first increases and then decreases. 
When the amount of added Al−3P is 0.6 wt.%, the 
area fraction of primary α(Al) reaches the 
maximum. 
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Table 2 Area fraction and increased area fraction of 

primary α(Al) in Al−10Si alloy modified with different 

amounts of Al−3P 

Added amount 
of Al−3P/wt.% 

Area fraction 
 of primary 
α(Al)/% 

Increased area  
fraction of primary 

α(Al)/% 

0 52.7 0 

0.1 54.5 1.8 

0.3 57.1 4.4 

0.6 65.9 13.2 

1 61.7 9 

1.5 56.6 3.9 

 

 

Fig. 5 Schematic diagram showing effects of added 

Al−3P on area fraction of primary α(Al) in Al−10Si alloy 

 
3.3 Effect of Al−3P master alloy on mechanical 

properties of Al−10Si 
Table 3 gives the tensile strength and 

elongation of Al−10Si alloys before and after 
modification with 0.6 wt.% Al−3P alloy. The 
tensile strength and elongation of the unmodified 
Al−10Si alloy are 175 MPa and 4.9%, respectively. 
The mechanical properties of the alloy are 
improved after modification. The tensile strength 
and elongation of the alloy increase by 2.3% and 
47.0% to 179 MPa and 7.2%, respectively. 

Figure 6 shows the SEM images of tensile 
fracture morphology of the Al−10Si alloy before 
and after modification. It can be seen from Fig. 6(a) 
that the dimples in the tensile fracture of 
unmodified Al−10Si alloy are large, and primary Si 
particles can be observed in the dimples. There are 
fewer large tearing edges on the fracture surface, 
and the fracture surface shows obvious brittle 
fracture characteristics. Figure 6(b) shows that, after 
modification, there are many small dimples in the 

tensile fracture of the Al−10Si alloy, and the sample 
shows many small tearing edges. In some larger 
dimples, there are traces of fracture of fine primary 
Si particles. Compared with the unmodified alloy, 
the tensile fracture of the alloy shows obvious 
ductile fracture characteristics. 

 

Table 3 Mechanical properties of Al−10Si alloy before 

and after modification 

Alloy 
Tensile  

strength/MPa 

Elongation/ 

% 

Unmodified 175 4.9 

Modified 179 7.2 

 

 
Fig. 6 SEM images of tensile fracture surface of Al−10Si 

alloy: (a) Unmodified; (b) Modified with 0.6 wt.% 

Al−3P alloy 

 

4 Conclusions 
 

 (1) After modification with 0.6 wt.% Al−3P 
alloy, the area fraction of primary α(Al) in the 
hypoeutectic Al−Si alloy increases. As the Si 
content increases, the area fraction of primary α(Al) 
phase gradually increases more compared with the 
unmodified alloy. 

(2) As the amount of added Al−3P increases, 
the area fraction of primary α(Al) in the Al−10Si 
alloy increases first and then decreases. When   
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0.6 wt.% Al−3P alloy is added, the area fraction of 
primary α(Al) reaches the maximum. 

(3) After modification with 0.6 wt.% Al−3P 
alloy, the tensile strength and elongation of the 
Al−10Si alloy increase by 2.3% and 47.0%, 
respectively. The fracture morphology of the 
modified Al−10Si alloy shows ductile fracture 
characteristics. 
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摘  要：在 740 °C 下采用 Al−3P 作为变质剂对 Al−Si 合金进行变质处理。利用光学显微镜、Image Pro Plus 6.0 软

件、扫描电镜和万能电子试验机研究硅含量(7、8、9、10 和 11，质量分数，%)及变质剂 Al−3P 加入量(0、0.1、

0.3、0.6、1.0 和 1.5，质量分数，%)对合金显微组织与拉伸性能的影响。结果表明，当变质剂加入量为 0.6%时，

随着硅含量的增加，变质 Al−Si 合金中初晶 α(Al)相的面积分数增加较多，这一结果可以通过 Al−3P 的变质引起

非平衡共晶点的变化来解释。当合金中硅含量一定(Al−10Si)时，随着变质剂加入量的增加，Al−10Si 合金中初晶

α(Al)相面积分数先增加后减少。当添加 0.6% Al−3P 中间合金时，初晶 α(Al)相的面积分数达到最大值。与未变    

质的 Al−10Si 合金相比，当加入 0.6% Al−3P 中间合金进行变质处理后，合金的抗拉强度和伸长率分别提高了 2.3%

和 47.0%，拉伸断口呈现出明显的韧性断裂特征。 

关键词：铝硅合金；改性；显微组织；力学性能；面积分数 
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