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Abstract 

An Al-Si-P master alloy has been developed by an in-situ reaction and the electron probe microanalyzer (EPMA) results show that there are 
many pre-formed AlP particles contained in the master alloy. Silicon introduced into the system plays an important role in remarkably im-
proving the distribution and content of AlP particles due to their similar crystal structure and lattice parameters. ZL109 alloys have shown 
fast modification response to the addition of 0.5% Al-15Si-3.5P master alloy at 720°C, with a mass of primary Si precipitating in size of 
about 15 μm. Also, coarse primary Si grains in Al-30Si alloy can be refined dramatically from 150 μm to 37 μm after the addition of 2.0% 
Al-15Si-3.5P master alloy at 850°C. The P recovery of the Al-15Si-3.5P master alloy is much higher than that of a Cu-8.5P master alloy due 
to the pre-formed AlP particles.  
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1. Introduction 

Considerable interest in replacing cast iron with Al alloys 
has been concentrated on the automotive industry to im-
prove energy efficiency and meet environmental require-
ments [1-2]. Among them, eutectic and hypereutectic Al-Si 
alloys have been widely used due to their excellent combi-
nation of properties such as low thermal expansion and high 
wear resistance as well as good castability [3-5]. Since the 
desirable combination of mechanical properties of eutectic 
and hypereutectic Al-Si alloys depends on the primary Si 
grain size to a large extent, the modification and refinement 
of primary Si are studied more widely with increasing usage 
[6]. 

It is well established that refinement of primary Si can be 
achieved by several methods such as mechanical or elec-
tromagnetic stirring [3, 7], rheocasting and thixocasting 
means [8-9], rapid cooling [10] and melt inoculation by ad-
ding P, As, and rare earth (RE) elements [4, 11-12]. Among 
the chemical modifiers, P is generally used due to the AlP 
particles formed in melt on which primary Si can effectively 
nucleate. P can be added into the melt in many forms such 
as red phosphorus, phosphate salt, and Cu-P master alloy. 
However, red phosphorus and phosphate salt are less 
utilized mainly due to pollution, unstable modification 

tion efficiency, and a lower P recovery. On the other hand, a 
Cu-P master alloy is not suitable for a flame furnace and an 
electrical resistance furnace due to the higher melting point 
and density [13]. In addition, Al-Cu-P and Al-Fe-P master 
alloys mentioned in Refs. [1, 14] have the disadvantages of 
contamination of Cu or Fe composition. 

In this study, a new type of Cu-free and Fe-free Al-based 
master alloy containing phosphorus, Al-Si-P master alloy, 
has been developed and its modification and refinement 
performances on eutectic and hypereutectic Al-Si alloys 
were investigated. In addition, the comparison between the 
new master alloy and the Cu-8.5P master alloy was also 
discussed. 

2. Experimental 

Commercial purity Al (99.85%), Si (99.5%), and other 
commercial purity elements were used to produce ZL109 
alloy, Al-30Si alloy (all compositions quoted in this work 
are in wt.% unless otherwise stated) and their chemical 
compositions are listed in Table 1. A series of Al-Si-P mas-
ter alloys and a Cu-8.5P master alloy were from Shandong 
Shanda Al&Mg Melt Technology Co. Ltd. 

The ZL109 alloy was melted in an electrical resistance 
furnace at 720°C and kept for about 30 min. After treatment 
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with 0.5% C2Cl6 for 15 min, modification treatment was op-
erated by adding 0.5% Al-15Si-3.5P master alloys. Then the 
samples were poured into a cast iron mold (70 mm × 35 mm 
× 20 mm) preheated to 150°C at different holding times. 
The treatment of the Al-30Si alloy with 2.0% Al-15Si-3.5P 
master alloy was performed at 850°C with the same proce-
dures as mentioned above. The comparisons between 
Al-15Si-3.5P and Cu-8.5P master alloys were carried out 
with an addition of 200 ppm P at 780°C. 

Table 1.  Chemical compositions of experimental alloys  wt.% 

Alloy Si Cu Ni Mg Fe Al 
ZL109 12.15 0.99 0.70 1.10 0.16 Bal.
Al-30Si 30.50 0.02 0.01 0.06 0.48 Bal.
 
All the metallographic specimens were cut from the same 

position of the casting samples and then mechanically 
ground and polished through standard routines. Statistical 
analysis was conducted to determine the average size of 
primary Si. It is necessary to quickly prepare the specimens 
for the Al-Si-P master alloy to avoid oxidation and hydroly-
sis of AlP particles. Microstructure analysis was carried out 
with high scope video microscope (HSVM) and JXA-8840 
electron probe microanalyzer (EPMA). The P content in 
ZL109 alloys modified by Al-15Si-3.5P and Cu-8.5P master 
alloys was measured using the emission spectrometer 
(QSN750, Germany). 

3. Results and discussion 
3.1. Microstructure characters of Al-Si-P master alloys 

The EPMA analysis of Al-40Si-1.5P and Al-15Si-3.5P 
master alloys is shown in Figs. 1 and 2, respectively. From 
Fig. 1(a), it can be seen that there are many dark particles 
surrounding the primary Si phase with a length of about 20 
μm. The chemical composition of site A shown in Fig. 1(a) 
is about 43.73 wt.% Al, 40.03 wt.% P, and 16.24 wt.% Si. 
Also, these dark AlP particles mostly present as radiated 
morphology inside primary Si phases and some of them are 
alongside the primary Si at the lower reaction temperature, 
as shown in Fig. 1. Granular AlP may precipitate at the re-
gion with a higher P concentration, and they also often com-
bine with primary Si, which results from the higher reaction 
temperature, as shown in Fig. 2. Therefore, it can be con-
cluded that the sizes and morphologies of AlP particles de-
pend on the reaction temperature and P content during the 
formation process [15]. In addition, AlP particles cannot 
distribute uniformly in the Al melt due to their poor wet-
tability, and they often float on the melt or adsorb on the in-
ner walls of the vessels. However, the silicon introduced 
into the master alloy system parcels up AlP particles, and 
plays an important role in improving the distribution and 
content of AlP due to their similar crystal structures and lat-
tice parameters, as evident from Figs. 1 and 2. 

 

Fig. 1.  EPMA analysis of the Al-40Si-1.5P master alloy: (a) SEI and (b-d) X-ray images for elements Al, Si, and P respectively. 
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Fig. 2.  EPMA analysis of the Al-15Si-3.5P master alloy: (a) SEI and (b-d) X-ray images for elements Al, Si, and P respectively. 

3.2. Modification and refinement performance of Al-Si-P 
master alloys 

Fig. 3 shows the microstructures of eutectic ZL109 alloys 
before and after addition of the Al-15Si-3.5P master alloy. It 
can be seen that the typical microstructure of eutectic Al-Si 
alloys is composed of α-Al dendrites and acicular eutectic Si, 
without primary Si. As evident in Fig. 3(b), ZL109 alloys 
have shown fast modification response to the addition of the 
Al-Si-P master alloy, with a mass of primary Si precipitating 
in size of about 15 μm using statistical analysis. 

Fig. 4 shows the microstructure of Al-30Si alloys before 
and after treatment by the Al-15Si-3.5P master alloy. Pri-
mary Si in unrefined Al-30Si alloys presents irregular mor-
phologies such as coarse platelet and star-like, which will 
crack the Al matrix easily, and that has been considered to 
be the main limit to their commercial use. After the addition 

of 2.0% Al-15Si-3.5P master alloy at 850°C, the average 
size of primary Si is dramatically refined from 150 μm to 37 
μm and the morphology changes to block-like, as shown in 
Fig. 4(b). Fig. 5 presents the EPMA analysis of primary Si 
in the Al-30Si alloy with the addition of 2.0% Al-15Si-3.5P 
master alloy. It can be seen clearly that the elements Al and 
P exist in the center of primary Si, and it is proved to be AlP 
by means of EPMA quantitative analysis illustrated in Fig. 
6.  

3.3. Comparison of modification effect and P recovery 
between Al-15Si-3.5P and Cu-8.5P master alloys 

Fig. 7 shows the typical microstructures of ZL109 alloys 
modified by Al-15Si-3.5P and Cu-8.5P master alloys under 
the same experimental condition. It can be seen that com-
pared with the Cu-8.5P master alloy, the modification per-
formance of Al-15Si-3.5P master alloys is somewhat im- 

 
Fig. 3.  Microstructures of eutectic ZL109 alloys at 720°C for 30 min: (a) unmodified and (b) modified by 0.5% Al-15Si-3.5P master 
alloy. 
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Fig. 4.  Microstructures of Al-30Si alloys at 850°C for 30 min: (a) unrefined and (b) refined by 2.0% Al-15Si-3.5P master alloy. 

    
Fig. 5.  EPMA analysis of the nuclei of primary Si in Al-30Si alloys: (a) BEI and (b-d) X-ray images for elements Al, Si and P, re-
spectively. 

 
Fig. 6.  EPMA quantitative analysis for site B in Fig. 5. 

 
proved. It is clear that the average size of primary Si in 
ZL109 alloys modified by Al-15Si-3.5P master alloys is 
smaller than that of Cu-8.5P master alloys. Meanwhile, the 
morphology of primary Si is more regular. 

Phosphorus concentration was compared between 
Al-15Si-3.5P and Cu-8.5P master alloys with an addition of 
200 ppm P at 780°C, and the result is shown in Table 2. It 
can be seen that the P content in all samples increases with 

holding time, but in ZL109 alloy modified by the 
Al-15Si-3.5P master alloy it is much higher than that of the 
samples treated by the Cu-8.5P master alloy. At the holding 
time of 10 min, the recovery of P in ZL109 alloy modified 
by the Al-Si-P master alloy is about 40%, and it goes up to 
60% when holding for 120 min. In comparison with that, 
with the holding time ranging from 10 min to 120 min, the 
recovery of P of the Cu-8.5P master alloy goes up from 10% 
to 45%, which is still lower than that of the Al-15Si-3.5P 
master alloy at the holding time of 30 min. 

The eutectic Cu-8.5P master alloy is composed of α-Cu 
and Cu3P phases. After its addition into the melt, the reac-
tion Cu3P[1] + Al[l] → 3Cu[l] + AlP[s] can occur. That is, there 
is a reaction process for the Cu-8.5P master alloy to form 
AlP and exhibit refinement effect on primary Si in Al-Si al-
loys. Zhang et al. [16] studied the microstructure and me-
chanical properties of hypereutectic Al-Si alloys modified   
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Fig. 7.  Microstructures of ZL109 alloys: (a) modified by the Al-15Si-3.5P master alloy and (b) modified by the Cu-8.5P master al-
loy (the melting temperature was 780°C; the addition level of P was 200 ppm; the holding time was 60 min). 

Table 2.  Comparison of P contents in ZL109 modified respectively by Al-15Si-3.5P and Cu-8.5P master alloys (the melting tempe- 
rature was 780°C; the addition level of P is 200 ppm)                                                                ppm 

Holding time / min 
Master alloy 

10 20 30 60 90 120 
Al-15Si-3.5P 82 88 98 122 113 121 

Cu-8.5P 18 34 40 57 79 88 
 

with Cu-P master alloys, the change in Gibbs free energy (J) 
of the reaction mentioned above at 1073 K was calculated, 
and the value was equal to −79744 J, which was less than 
zero. It is clear from the value of change in Gibbs free en-
ergy that the reaction can occur spontaneously below 1073 
K. Consequently, the formed AlP particles take as hetero-
geneous nuclei for primary Si due to their similar crystal lat-
tice. Maeng et al. [1] found that a higher modification tem-
perature is necessary for a Cu-P master alloy. It is reason-
able to deduce that treatment temperature would influence 
the reaction rate and consequently impact the refinement ef-
fect. 

In comparison with that, the Al-15Si-3.5P master alloy 
contains a large number of AlP particles as shown in Figs. 1 
and 2. After adding it into the Al-Si melt, pre-formed AlP 
particles gradually start to dissolve, which results in the re-
ductions in their size and the dissociation from large parti-
cles into smaller ones. Due to the lower solubility of phos-
phorus and the density difference, a large quantity of AlP 
particles cannot distribute uniformly in the melt. These un-
dissolved AlP would become the dregs and float to the sur-
face and cannot act as the nucleation sites of primary Si. 
During the solidification process, the solubility of P in the 
melt decreases with increasing temperature; P in solution 
reform lots of new AlP particles: P[1] + Al[l] → AlP[s]. Since 
AlP and Si have similar crystal structures and lattice pa-
rameters, primary Si can nucleate heterogeneously on solid 
AlP particles [17-21]. 

In short, there is a diffusion process of pre-formed AlP 
particles for the Al-15Si-3.5P master alloy, which is differ-

ent from the Cu-8.5P master alloy with a reaction process. 
Therefore, a relatively stable refinement efficiency and 
higher recovery of P can be obtained after holding for a few 
minutes. Furthermore, the density and melting temperature 
of the Al-15Si-3.5P master alloy are similar to that of the 
Al-Si alloys, so it is much more beneficial for the master al-
loys to distribute uniformly in melt and display stable re-
finement efficiency. 

4. Conclusion 

It has been found that the Al-Si-P master alloy is an en-
vironmentally friendly modifier with good modification and 
refinement performances on eutectic and hypereutectic 
Al-Si alloys. For eutectic ZL109 alloys, a mass of primary 
Si precipitates with about 15 μm size after the addition of 
0.5 % Al-15Si-3.5P master alloy at 720°C. The average size 
of coarse primary Si in the Al-30Si alloy can be remarkably 
decreased from 150 μm to 37 μm with the addition of 2.0% 
Al-15Si-3.5P master alloy at 850°C. Due to the pre-formed 
AlP particles, the P recovery of the Al-15Si-3.5P master al-
loy is much higher than that of the Cu-8.5P master alloy. 
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