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1 Introduction

Aluminum-based a l loys a re the mos t wide ly 
used engineering materials in the automotive and 
aeronautical industries due to their high strength-to-
weight ratio and high wear resistance [1-5]. Hypereutectic 
Al-Si alloys are particularly preferred as they exhibit 
a low coefficient of thermal expansion and a high-
temperature strength [2-11]. These properties are attributed 
to the presence of the primary silicon phase in the 
aluminum matrix [7]. The castability of the alloy is also 
enhanced by the addition of silicon in the alloying 
process, by improving the melt flow [12]. However, the 
conventional casting procedures produce coarse grains 
of the primary silicon. These coarse grains are prone to 
premature crack initiation and fracture when subjected 
to tension loading [3,5,6,9], which decrease the mechanical 
properties of the alloy [1]. 

Many methods are used in the refinement and 
modification of the primary silicon phase to achieve 
optimum morphology for improving the mechanical 
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properties of the alloys. These methods include 
electromagnetic stirring, rapid solidification, and 
the addition of minor elements [6,13,14], among which, 
the addition of minor elements is the most common 
method, due to its simplicity and effectiveness [2,6,9]. 
P-based master alloys are efficient grain refiners for 
the primary silicon, and various P-based master alloys 
have been developed, such as Al-P, Al-Si-P, Al-Fe-P, Si-
Mn-P, etc. [2,15], which each have a different refinement 
process and effectiveness. However, studies concerning 
their different effects on nucleation abilities of primary 
silicon are rarely found.

In this study, hypereutectic Al-24Si (wt.%, unless 
otherwise stated) alloys were refined by Si-3P, Si-25Mn-
10P, and Al-10Si-2Fe-3P master alloys, respectively. 
The nucleation abilities of primary silicon with 
different P-containing compounds were studied, and 
the grain refining mechanism of the three master alloys 
was discussed. This work is beneficial to industrial 
applications of the P-based master alloys.

2 Experiment procedure 
Commercial pure aluminum and silicon were used as 
raw materials to prepare the hypereutectic Al-24Si alloy 
in an electrical furnace using a graphite crucible. The 
Si-25Mn-10P and Al-10Si-2Fe-3P master alloys were 
provided by Shandong Al&Mg Melt Tech Co., Ltd., 
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Fig. 1: Microstructures of Si-3P master alloy (a) and corresponding EDS result (b-d)

and the Si-3P master alloy was prepared by vacuum induction 
melting method. At first, the prepared Al-24Si alloy was 
melted in an electrical resistance furnace at 810 °C, 820 °C 
and 840 °C, respectively. After 20 min holding, the Si-3P, Si-
25Mn-10P and Al-10Si-2Fe-3P master alloys were added into the 
melts, respectively, and stirred thoroughly. The addition amount 
of P is 350 ppmw in these experiments. The melts were then 
poured into a pre-heated (50 °C) KBI cylindrical steel mold (50 
mm in diameter and 25 mm in height) after further holding for 
30, 60 and 90 min, respectively, to gain samples.

The samples for microstructure observation were cut 
from the center of the ingots. They were observed using an 
optical microscope (OM, LEICA DMi8), a scanning electron 
microscope (SEM, ZEISS SUPRA 55), and an electron probe 
microanalyzer (EPMA, JXA-8530F PLUS) with an energy-
dispersive spectroscopy (EDS). The average grain size of 
the primary silicon was examined by ImageJ software. To 
determine the phosphorus content in the silicon phase in the 
refined samples, the particles were extracted by a special 
extraction method. Firstly, the Al matrix was dissolved in a 
solution of 10% HCl. Then, the particles in the solution were 
centrifuged by a centrifugal extractor, and then the collected 
sediments were rinsed with distilled water and ethanol for 
several times. Finally, the particles were analyzed using 
inductively coupled plasma atomic emission spectroscopy 
(ICP-AES, ICAP 7000 Plus).

3 Results and discussion
3.1 Microstructure of master alloys 
Different master alloys exhibit different microstructures and 
phase constitutions, which are responsible for the difference 
in refinement efficiency on Al-24Si alloy. Figure 1 shows the 
microstructure of the Si-3P master alloy. It can be seen that the 
Si-3P master alloy consists of two phases, the gray phase and 
the bright phase distributed at the grain boundary, as shown in 
Fig. 1(a). The EDS analysis result of the phase in the Si-
3P master alloy is shown in Fig. 2(b-d). It indicates that the 
gray phase is the Si matrix with trace phosphorus and the 
bright phase is the intermediate compound of SiP. According 
to research results by Sarafian et al. [16], SiP intermediate 
compound appears in the Si-P alloy when the phosphorus 
content exceeds 1.0wt.%. 

The microstructure of the Si-25Mn-P master alloy is shown in 
Fig. 2. The master alloy contains three phases. The dark phase is 
identified as the Si matrix with traces of Mn. By using the EDS 
analysis, the elemental composition of Phases A and B are listed 
in Table 1. It can be concluded that Phase A is MnP and Phase B 
in faint gray is MnSix. From the SEM micrograph in Fig. 2(b), 
it can be seen that the MnP eutectic phase shows lamellar and 
labyrinth morphologies in the Si matrix.

(a) (b)

(c) (d)
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Fig. 2: Microstructures of Si-25Mn-10P master alloy: (a) low magnification; (b) high magnification

Fig. 3: Microstructures of Al-10Si-2Fe-3P master alloys: (a) low magnification; (b) high magnification

Table 1: Elemental composition of various phases in the Si-25Mn-10P master alloy

Element
Phase A Phase B

Mass (%) Atom (%) Mass (%) Atom (%)

Si 4.27 6.63 46.36 62.34

P 28.39 39.95 1.51 1.84

Mn 66.45 52.72 50.90 34.99

Fe 0.89 0.70 1.23 0.83

Total 100.00 100.00 100.00 100.00

AlP(s) + 3H2O(g)→Al(OH)3(s) + PH3(g)

Figure 3 shows the microstructure of the Al-10Si-2Fe-3P 
master alloy. A large number of phases are distributed on the 
Al matrix. From the XRD result of the master alloy shown 
in Fig. 4, it can be found the master alloy may contain Si, 
AlP, AlFeSi phase and Al matrix. The elemental composition 
analysis of the various phases was carried out and the result 
is shown in Fig. 5. It can be concluded that the rod-like phase 
is eutectic Si and the needle-like phase is AlSiFe phase. As it 
is known, the AlP phase tends to hydrolyze during the sample 
preparation process [15]. As seen in the EDS images in Fig. 5, 
the element O is present in the same spot as element P. AlP is 

unstable in air during sample preparation and reacts with water 
as follows:

(1)

Therefore, it is reasonable to believe that the bright phase is 
the hydrolyzed AlP particle, as shown in Fig. 3.

3.2 Grain refinement performance of the three 
master alloys

Figure 6 shows the microstructures of the Al-24Si alloy refined 
with 1.2% Si-3P at 840 °C and being held for different times. 

(a) (b)

(a) (b)

Phase A

Phase B
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Fig. 5: EDS analysis of Al-10Si-2Fe-3P master alloy: (a) SEI image; (b) Al; (c) Si; (d) O; (e) P; (f) Fe

Fig. 4: XRD result of Al-10Si-2Fe-3P master alloy

(a) (b) (c)

(d) (e) (f)
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Figure 7 shows the microstructures of the Al-24Si alloy refined 
with 0.35% Si-25Mn-10P master alloy at 840 °C. It is obvious 
that the Si-25Mn-10P master alloy is successful in refining the 
primary silicon. The size and shape of the primary silicon exhibit 
a drastic change with the addition of the master alloy.  Compared 
to the unrefined samples, the refined primary silicon changes to 
the blocky equiaxial shape after holding 30 min at 840 °C, and 
the average grain size is about 18 µm. This grain refinement 
effect declines with the increase of the holding time, and the 
average grain size increases to about 28 µm at 90 min.

The grain refinement test of the Al-10Si-2Fe-3P master alloy 
on Al-24Si alloy was also carried out and the result is shown in 
Fig. 8. The best refinement effect is obtained for the alloy with 
a holding time of 30 min, as shown in Fig. 8(b). The grain size 
increases with a further increase in holding time, as shown in 
Figs. 8(c) and (d). Results by the ImageJ software show that the 
average grain size of the primary silicon is 27 µm with a holding 
time of 30 min, and increases to about 34 µm for 90 min.

3.3 Comparison of grain refinement 
performances 

Grain refinement performance comparison of the three master 
alloys is shown in Fig. 9. It can be seen that the Si-25Mn-10P 
master alloy exhibits the best grain refinement effect among the 
three master alloys. The primary silicon attains the grain size 
of less than 20 µm, which leads to a significant improvement 
in the mechanical properties [2,17]. Furthermore, the grain 
refinement effect of the three master alloys exhibits the best 
grain refinement effect with a holding time of 30 min and 
shows a deteriorating trend with prolonged holding time.

The effect of holding temperature on the grain refinement 
performance of the Si-25Mn-10P master alloy was carried 
out, as shown in Fig. 10. The result shows that the average 
grain size curves shift downwards as the refining temperature 
increases. It indicates the smallest grain size of the primary 
silicon is obtained at 840 °C. This is consistent with the 

The optical micrographs show a significant decrease in size and 
an improvement in shape of the primary silicon after refinement. 
The primary silicon without addition of grain refiner shows coarse 
five-petal or star-shaped flakes with a size of about 200 µm, as 
shown in Fig. 6(a). The best refinement results are obtained for 
the alloy with a holding time of 30 min, as shown in Fig. 6(b). 
The grain size increases with a further increase in holding time, 
as shown in Figs. 6(c) and (d). Results by the ImageJ software 
shows that the average grain size of the primary silicon is 32 µm 
with a holding time of 30 min, and increases to about 42 µm for 
90 min.
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Fig. 6:  Microstructures of unrefined (a) and refined (b-d) Al-24Si alloys with 1.2% Si-3P at 840 °C 
for different holding times: (b) 30 min, (c) 60 min, (d) 90 min

Fig. 7:  Microstructures of unrefined (a) and refined (b-d) Al-24Si alloys with 0.35% Si-25Mn-10P 
at 840 °C for different holding time: (b) 30 min, (c) 60 min, (d) 90 min

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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Fig. 9: Grain refinement performance comparison of the 
three master alloys

Fig. 10: Grain size variation of the primary silicon refined 
by Si-25Mn-10P master alloy with various holding 
temperatures

Fig. 8:  Microstructures of unrefined (a) and refined (b-d) Al-24Si alloys with 1.2% Al-10Si-2Fe-3P 
at 840 °C: (b) 30 min, (c) 60 min, (d) 90 min

findings of Wu et al. [2] that the effects of holding time are 
relatively lower than those of refining temperature. The 
effectiveness of a master alloy is affected mostly by the 
refining temperature and least affected by the holding time. 
This means that it is more effective to refine the primary 
silicon in hypereutectic Al-24Si alloy at 840 °C for just 30 min 
than using a lower temperature for a longer holding time.

To further elucidate the refinement process of the three master 
alloys, the Si phases in the Al-24Si alloys (including primary 
silicon and eutectic silicon) were extracted by hydrochloric acid. 

(a) (b)

(c) (d)

The phosphorus content in these Si phases for different samples 
was examined by the ICP-AES, and the results are shown in 
Table 2. From experimental data obtained in this experiment, 
the unrefined samples contain around 17.7 ppmw phosphorus 
element. In the samples refined by Si-25Mn-10P master alloy 
at 820 °C and 840 °C, the phosphorus content is 189.2 ppmw 
and 385.9 ppmw, respectively. It can be seen that the refined 
samples exhibit significantly higher phosphorus content, which 
proves that the phosphorus content is closely related to the 
grain size of the primary silicon.
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Table 2:  Phosphorus content in Si phase in Al-24Si alloys 
with different experiment processes

Sample Content 
(ppmw)

820 °C; No refiner 17.7

820 °C; 0.35% Si-25Mn-10P refiner, holding 30 min 189.2

840 °C; 0.35% Si-25Mn-10P refiner, holding 60 min 385.9

4 Grain refinement mechanism of 
various P-containing compounds

Many studies indicate that AlP phase has a lattice constant very 
similar to Si, and therefore, has a good grain refining effect on 
the primary silicon [18-21]. From the phase constitution of the Al-
10Si-2Fe-3P master alloy in Fig. 4, it is clear that this master 
alloy has a pre-nucleated AlP phase. This is an important 
factor in the grain refinement efficiency of a P-based master 
alloy. The size of the AlP phase, however, must be within the 
allowable limits to act as inoculants [22]. The AlP phase needs 
to be dissociated to a much smaller size to act as seed for the 
primary silicon. The AlP phase with an undesirable form, such 
as a cluster or too large in size, hinders its efficiency in the 
refinement process. As a result, the Al-10Si-2Fe-3P master 
alloy does not show the best grain refinement performance in 
this work.

The Si-3P and Si-25Mn-10P master alloys follow a similar 
chemical process, whereby the master alloy is dissolved 
and releases P-containing compounds into the melt. The 
P-containing compounds then react with Al melt to form 
the AlP phase [10]. When the AlP phase is nucleated in the 
particulate form, it provides a large number of nucleation 
sites for the primary silicon. So, it can be concluded the 
effectiveness of the grain refiner is affected by the amount and 
the form of the AlP phase in the alloy melt [21]. 

According to Wu et al. [2], the Si matrix surrounding the 
SiP phase makes the Si-3P master alloy ineffective in grain 
refinement. This is because it is difficult for the Si-3P master 
alloy to dissolve into the melt due to the concentration gradient 
of Si, as explained by Fick’s law of diffusion. As a result, the 
Si-3P master alloy shows a poor grain refinement performance 
on the Al-24Si alloy. Additionally, even if the SiP phase is 
successfully dissolved into the melt, it is particularly difficult 
for it to react with Al melt at the normal refining temperatures. 

The Si-25Mn-10P master alloy contained Si, MnP, and MnSix 
phases. It has no pre-nucleated AlP phase, because there is no Al 
as a constituent in the master alloy. So, the effectiveness of the 
Si-25Mn-10P master alloy cannot depend on the pre-nucleation 
of the AlP phase. This means that the MnP phase must be 
dissociated firstly and react with the Al melt to form the AlP 
phase. The reaction equation is shown as follows:

                      MnP(s)+Al(l)→AlP(s)+[Mn]                          (2)

As said earlier, the Si-25Mn-10P master alloy has the MnP 

phase in the place of the SiP phase. The MnP has a smaller 
molecular weight compared to the SiP compound, making it 
faster in diffusion. Further, Wu et al.[2] asserts that the SiP phase 
is extremely difficult to melt at the refining temperature. These 
factors explain why the Si-Mn-P master alloy gives better results 
in refining the primary silicon in hypereutectic Al-Si alloy. 
Additionally, the active compound, MnP, grows in the lamellar 
and labyrinth forms, as shown in Fig. 2. The lamellar and 
labyrinth form give the MnP compound more surface area for 
interaction, making it easier to break into Mn and P. As a result, 
the Si-25Mn-10P master alloy shows better grain refinement 
performance than the other two master alloys.

5 Conclusions
(1) The P-containing compounds in Si-3P, Si-25Mn-10P, 

and Al-10Si-2Fe-3P master alloys are SiP, MnP, and AlP 
compounds, respectively. All the three master alloys are good 
grain refiners for the hypereutectic Al-Si alloy.

(2) When pouring at 840 °C, the average grain size of the 
primary silicon refined by Si-25Mn-10P master alloy with a 
holding time of 30 min is about 18 μm, which is significantly 
better than those of the Si-3P and Al-10Si-2Fe-3P master 
alloys. The grain refinement of the master alloys shows a 
deteriorating trend with prolonged holding time. 

(3) Higher holding temperature has a positive effect on the 
grain refinement of the Si-25Mn-10P master alloy.
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