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Aluminum alloys are preferred by the automotive 
industry due to their properties such as good 

castability, high strength and corrosion resistance [1]. These 
properties are mainly influenced by microstructure [2, 3]. 
Changes in microstructure can also affect porosity 
formation [4-7]. It is well known that the addition of 
Al-Ti-B master alloy into an Al-Si alloy will alter the 
microstructure from coarse α-Al to finer equiaxed 
dendritic morphology without changing the eutectic 
silicon morphology [8]. When it comes to the selection 
of master alloy, Al3Ti3B and Al5Ti1B grain refiners were 
compared in terms of effect on both microstructure 
and porosity formation [9]. It was concluded that Al3Ti3B 
grain refiner has a greater effect to prevent the porosity 
than Al5Ti1B grain refiner. As an alternative  Al-Ti grain 
refiner of Al alloys, Al3B master alloy that contains no Ti 
was also studied. This master alloy contains B, AlB2 and 
AlB12 particles. AlB12 can be unstable depending on the B 
content of the melt and reacts with Al to form AlB2 which 
is a peritectic reaction [10, 11]. In casting applications, it has 
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Influence of Al-B grain refiner on porosity 
formation of directionally solidified Al-Si alloys

been reported that AlB2 addition results in more globular 
dendrites than the addition of TiB2 

[12]. Furthermore, AlB2 
has a great effect on porosity formation [12]. A previous 
study by Uludağ et al. [13] shows that titanium-free grain 
refiner addition yields lower porosity in Al alloys while 
titanium addition reveals higher volumetric porosity 
formation. Therefore, the characterization of grain refiners 
and their effect on porosity formation has been a great 
debate among researchers. Dong et al. [9, 14] claimed that 
grain refiners had a crucial effect on porosity formation, 
and the porosity was found to be decreased in Al3Ti3B 
grain refined hypoeutectic Al-Si alloy. It was shown that 
minimum porosity was obtained in Al-15Zn-2.5Mg-2.5Cu 
alloy when 1% AlTi5B1 was used [15]. Yüksel et al.[16, 17] 
claimed that as long as the grains are smaller, a porosity-
free structure can be achieved. Roy et al. [18] claimed that 
pores were observed around TiB2 particles. In another 
study by Spittle [19], it was mentioned that porosity can be 
decreased without the need for grain refinement. On the 
other hand, there are limited number of works concerning 
the correlation between B-grain refined cast Al alloys 
and their effect on porosity formation. Dispinar et al. [12] 

had reported that pores had become more localized in Ti-
free B grain refined A356 alloy. Therefore, in this work, 
three different alloys (A356, A413, A380.1) that have 
different solidification morphologies were grain refined 
with AlTi5B1 and Al3B, respectively. The relationship 
between the grain refinement and porosity formation 
for the three different alloys was investigated to fill the 
blank in the literature.



 373

CHINA  FOUNDRYVol. 17 No. 5 September 2020
Research & Development

Fig. 1:  Directional solidification apparatus used in 
the experiment

Fig. 2: Preparation of sectioned surfaces of the cast part 
for examining (mm)

Table 1: Chemical compositions of experimental alloys (wt.%)

Alloys Si Fe Cu Mn Mg Zn Ti Al

A356 6.80 0.19 0.003 0.001 0.30 0.011 0.108 Bal. 

A413 11.77 0.19 0.006 0.001 0.005 0.016 0.006 Bal.

A380.1 8.14 0.64 3.12 0.44 0.22 0.49 0.02 Bal.

AlTi5B1 and Al3B grain refiners were chosen to investigate 
how the grain refiners affect the porosity formation. The 
pouring temperature was selected as 740 °C for A356 and 
A380.1 alloys, and 670 °C for A413 alloy. Two groups of 
castings were made for each alloy by adding AlTi5B1 and Al3B, 
respectively, as grain refiner. Cast samples were sectioned into 
five equal parts of 30 mm in diameter and 60 mm in length. 
Each of these samples was further cut horizontally into two 
parts of 30 mm in diameter and 10 mm and 50 mm in length, 
respectively, as shown in Fig. 2. The external shrinkage on the top 
of each cast specimen was calculated as the volumetric shrinkage.

observation and analysis were performed by using optical 
microscopy (OM), scanning electron microscopy (SEM) and 
energy dispersive spectroscopy (EDS) methods.  

2 Result and discussion
Macro images of the samples are shown in Fig. 3. These 
macro images were taken from the same location of different 
castings. As seen from the images, there is a great difference 
in the shape, size and distribution of pores, indicating that 
AlTi5B1 and Al3B have completely different effects on the 
porosity formation and distribution. This effect can be more 
clearly seen in A356 and A380.1 alloys, but not in A413 
because A413 alloy has a eutectic composition. Thus, the 
planar growth of the eutectic phases pushes the pores (if any) 
towards solidification direction, and all the porosities in the 
alloy will be collected in the region of the final solidification 
area of the casting, i.e., at the top of the cylindrical bars. Also, 
the lack of freezing range in this alloy is another reason for the 
lack of pore formation [20]. 

It is known that the A356 alloy has dendritic and Si-eutectic 
morphology, whereas, A380.1 alloy has dendritic, Si-eutectic 
and Cu-eutectic morphologies [21-24]. Different morphologies of 
these alloys result in the different final properties of cast parts. 
Representative microstructure images are given in Fig. 4. It can be 
seen that A356 alloy consists of α-Al dendrites and Al-Si eutectic 
phase. The Al3B refined alloy has a more homogeneous dendritic 
structure than the AlTi5B1 refined alloy. Dendritic morphology can 
be seen in the pores of A356 in Fig. 4(g).  

According to the research results of Ref. [25], the A413 
alloy has only Al-Si eutectic phases. However, α-Al dendrites 
can be seen in Figs. 4(b) and (e). It appears that the thermal 
gradient and heat flow result in the nucleation of primary 
dendrites due to the addition of AlTi5B1 grain refiners, but in 
eutectic alloys, dendritic structures are not expected to be seen. 
They can only form in the case of a change in heat extraction 
and the presence of grain refiners. Moreover, the Al3B addition 
results in the formation of primary silicon. 

When it comes to A380.1 alloy, the columnar structure is 
dominant with AlTi5B1 addition, and finer equiaxed structure 
is seen in the alloy with Al3B addition. In A380.1, pores were 
found in between the dendrites rather than the eutectic phase 

1 Experimental procedure
Chemical compositions of A356, A413 and A380.1 alloys 
used in this study are given in Table 1. A water-cooled copper 

chilled cylindrical mould was used in the experiments. The 
directional solidification apparatus is shown in Fig. 1, and the 
dimension of the die was 30 mm in diameter and 300 mm in 
length.

The samples were scanned using a scanner and transformed 
into an image on a computer. Porosity calculation was done by 
using the image analysis software SigmaScan. Data obtained 
from the software were evaluated statistically. Microstructure 
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Fig. 3: Macro images of porosity formations in directionally solidified alloys with different grain refiners

Fig. 4: Representative microstructures (a-f) and SEM images (g-i) of the three alloys refined by AlTi5B1 (a-c) 
and Al3B (d-f) 
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(Fig. 4h). This indicates that pores are formed prior to eutectic 
transformation. Zhang et al. [26] claimed that most of the porosities 
were formed in the eutectic solidification stage. However, in this 
work, it was found that a thick oxide was present in the pores of 
A380.1 alloy (Fig. 4i), which is confirmed by the EDS analysis 
given in Table 2. This supports the fact that pores are formed by 
the unraveling of bifilms when solidification shrinkage starts; 
therefore the pores appear between the dendrites, not around or 
surrounded by the eutectic phase.

Table 2: EDS analysis of a porosity formed by oxide 
films for the point marked in Fig. 4(i)

Element wt.% at.% Error 
(%)

Aluminum 66.19 60.24 3.9

Oxygen 9.18 14.10 2.6

Carbon 6.52 13.34 1.9

Copper 6.09 2.35 0.3

Silicon 7.91 6.91 0.5

Magnesium 2.19 2.21 0.2

Iron 1.09 0.48 0.1

Manganese 0.82 0.37 0.1

Total 99.99 100.00

Al3B grain refiner has a greater effect on the amount of porosity 
than the AlTi5B1 grain refiner. This effect can be seen on A356 
and A380.1 alloys more significantly. As shown in Fig. 3, 
the pores are smaller and accumulated in the center of the 
samples with Al3B grain refiner. The grain refiners promote the 
nucleation of dendrite during solidification and thus decrease 
the dendrite size. Therefore, the porosity formation might be 
affected by grain refiners. The solidification rate affects the size 
and amount of micro porosities [27]. It can also be seen that grain 
refiners play an important role in the diameter of pores. Figure 
5(c) shows that the size of pores of the alloy refined with Al3B 
is greater than that with AlTi5B1. Dispinar [12, 28] concluded that 
by Al-B grain refinement, more localized and large pores were 
formed which were attributed to the higher feeding efficiency. 
The maximum diameter of pores was seen in the A380.1 alloy. 
A ranking of an average diameter of pores (đ) for alloys can be 
presented as: đA380.1 > đA413 > đA356.

It can be seen that the average diameter of pores for A413 
alloy is almost not affected by grain refiner.

The number density (N), normalized total length (Nđ), 
total area (Nπđ2/4) and total volume (Nπđ3/6) of porosities 
were calculated to see how the porosity formation changes 
statistically. The results are given in Figs. 5(e) to 5(g). The 
results show a similar trend for each condition. The effect of 
the Al3B grain refiner on porosity formation seems to be in a 
decreasing trend from A380.1 to A356 and then A413. 

According to the statistical analysis (Fig. 5), there is almost 
no difference in porosity formation when the alloys are grain 
refined with Al3B. However, AlTi5B1 addition gave different 
results for A356 and A380.1 alloys. External shrinkage (ES) of 
the samples that were obtained from directional solidification 
castings was measured from the top of the samples. Casting 

Image analysis was carried out on the cross-sections of the 
samples in order to quantify the pores. It can be seen from 
Figs. 5(a) and (b) that the total length of pores and the total 
area of pores have almost the same trend for each condition. 
A413 eutectic alloy has the minimum total area of pores. The 
difference in the effect of grain refiners can be seen clearly. 

Fig. 5: Relationship between grain refiners and morphological properties of porosities: (a) total length; (b) total 
area; (c) average diameter; (d) number densities; (e) normalized total length; (f) normalized total area 
and (g) normalized total volume 
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Fig. 6: External shrinkage of directional solidification (a) and schematic 
images of external shrinkage (b) 

(a) (b)

Fig. 7:  External shrinkages of castings with 
different additions

Fig. 8: Lognormal distributions of diameters of porosities: (a) A356, (b) A380.1, (c) A413

(a) (b) (c)

images that show ES and schematic representation of 
measurement and characteristics of ES are given in Fig. 6. It 
is concluded that there can be a relationship between ES and 
porosity. As external shrinkage increases, porosity formation 
decreases. As internal pore formation is decreased, external 
shrinkage increases. This was discussed in detail by Campbell [1] 
who claimed that in the absence of bifilms and pore formation in 
the bulk, the material will exhibit a surface sink.

Sigworth and Kuhn [29] mentioned that each alloy is affected 
differently by grain refiners. The relationships between ES and 
different refiners are given in Fig. 7. It can be seen that there 
is a great difference between results of AlTi5B1 and Al3B grain 
refiners. The ES of Al3B added castings was more than that of 
AlTi5B1. Results of ES can be ranked as follows: ESA356 > ESA413 
> ESA380.1, which is in contrast to pores, as shown in Figs. 6 and 7.

When the average diameters of pores and external shrinkage 
are considered, it can be seen that there is an inverse ratio 
between them. As the external shrinkage increases, the 
diameter of pores decreases. 

Distribution of the diameter of pores was investigated 
by lognormal distribution (Fig. 8). The distribution of the 
diameter of pores for AlTi5B1 addition is stable; the distribution 
of pore diameter for Al3B addition is scattered. Al3B grain 
refiner can result in more larger pores than AlTi5B1 grain 
refiner. This result can only be explained by the solidification 
morphology. The dendritic morphology is finer, columnar and 
elongated with AlTi5B1 addition; it is equiaxed and short in 
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Al3B added castings. Therefore, there would be large number 
of small pores in the alloy with AlTi5B1. There is an inverse 
situation for Al3B addition.

3 Conclusions
Directional solidification of three alloys (A356, A413 and A380.1) 
with two different grain refiners (AlTi5B1 and Al3B) has been 
carried out. The porosity formation was investigated widely by 
calculation of porosity on the cross-sections of cylindrical bars. 
Statistical analysis was carried out, based on the external shrinkage, 
and the porosity formation was also evaluated. Conclusions from 
the experimental work of this study can be made as follows:   

(1) Al3B grain refiner results in a smaller size and number of 
pores than AlTi5B1 grain refiner. However, Al3B has no grain 
refinement effect on A413 alloy since A413 alloy has a eutectic 
composition. 

(2) There is a relationship between external shrinkage and 
size and number of porosities. As the size and number of 
internal porosities decrease, the external shrinkage increases.

(3) There is a significant difference in the distribution of 
diameter of porosities for AlTi5B1 and Al3B added castings.

(4) For A413 alloy, Al3B addition nucleates the primary silicon, 
whereas AlTi5B1 addition nucleates the primary dendrites.

(5) Grain refiners have a different effect on porosity formation 
of Al-Si alloys with regard to their solidification morphology. 
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