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Abstract: The effects of bismuth and the combination of bismuth and strontium on the eutectic silicon structure in Al-7Si-0.4Mg 
alloys were investigated under different solidification conditions. The results show that bismuth has a refining effect on the eutectic 
silicon and its refinement behavior increases with increasing Bi content up to 0.5% (mass fraction). When bismuth is added into the 
molten alloy modified with strontium, a higher Sr/Bi mass ratio of at least 0.45 is required to attain full modification of the eutectic 
silicon. 
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1 Introduction 
 

Melt modification treatment in Al-Si cast alloys 
leads to a change in the morphology of eutectic silicon 
from large brittle flake or acicular to fine fibrous 
morphology, resulting in improved mechanical properties 
[1−3]. Chemical or impurity modification can be 
achieved by the addition of certain elements to the melt 
prior to solidification [1, 4]. These added elements can 
be divided into two major categories: 1) elements such as 
Na, Sr, Ca, Ba and Cs that show marked effect on the 
eutectic silicon when added to molten Al-Si alloys by 
altering its morphology and producing fibrous eutectic 
silicon structure; 2) elements such as Sb,Y, Yb and Cd 
that are not capable of producing dramatic changes in the 
silicon morphology but only refine it into lamellar 
structure [5−7]. 

Since bismuth is in group V in the periodic table, it 
can have a similar effect on the silicon morphology to 
antimony. However, there is very limited research on the 
effect of individual bismuth on the microstructure of 
Al-Si cast alloys. According to Ref. [8], bismuth could 
be used as an effective modifier in the range of 
0.2%−0.25% (mass fraction). On the other hand, 
MACHOVEC et al [9] reported that with a Sr/Bi mass 
ratio above 0.45, the Si structure was found to be 
modified into fine fibres in 319 Al alloy. CHO and 

LOPER [10] also reported that with the addition of 0.1% 
Bi in the melt containing Sr, the modification effect of Sr 
was completely eliminated in A356 alloy. In previous 
work by EL-HADAD et al [11] the modification effect of 
strontium was found to diminish continuously with 
addition up to 0.225% Bi for the 319 alloy, whilst adding 
0.5%  Bi to the modified and grain-refined Al-10.8% Si 
alloy led to a noticeable coarsening of the eutectic Si 
particles [12]. 

Bismuth is usually added to improve the 
machinability of aluminium wrought alloys [13]. 
However, with increasing the awareness of 
environmental issues, recycling of metal alloys, in 
particular aluminium alloys, has been increased in recent 
times. Since the recycled aluminium alloys may contain 
impurity elements such as Bi, a better understanding of 
the interaction between Bi and Sr may be necessary. The 
aim of this work is to present experimental results of an 
investigation on the influence of Bi addition on the 
microstructure of unmodified and strontium-modified 
Al-7Si-0.4Mg alloy. 
 
2 Experimental 
 
2.1 Melt preparation 

A commercial Al-Si-0.4Mg ingot with the chemical 
composition listed in Table 1 was used. The melt was 
prepared by charging pieces of the alloy into a silicon 
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carbide crucible using an electrical resistance furnace 
under argon. The melt temperature was maintained at 
750−760 °C for a time long enough to allow for 
complete melt homogenization. The molten alloy was 
then poured at the temperature of (730±5) °C into two 
different molds: sodium silicate bonded CO2 sand mold 
and permanent metal mold, so as to produce bars 
solidified with two different cooling rates (Fig. 1). 
 
Table 1 Chemical composition of base alloy (mass fraction, %) 

Si Mg Fe Cu Ti Cr Mn Others Al

6.683 0.421 0.297 0.012 0.129 0.009 0.050 <0.13 Bal.

 

 

Fig. 1 Schematic of CO2 sand mold (a) and cone-shaped 
permanent mold (b) with their corresponding dimensions 

 
Upon thermal equilibrium, Bi in the form of 

metallic shots and Sr as an Al-10Sr master alloy were 
wrapped in aluminium foil and introduced into at 
different concentrations according to Table 2. Both melts 
that were treated with Bi alone and by combination of Bi 
and Sr were stirred twice for about 30 s each time to 
allow for complete homogenization. Prior to molten 
metal pouring the surface of the melt was skimmed to 
remove the oxide layer. In order to investigate the effect 
of Bi on the level of Sr modification, the concentrations 
of both Bi and Sr were adjusted to obtain different Sr/Bi 
mass ratios. Table 2 lists the chemical analyses of all 
samples obtained from chemical analysis using glow 
discharge spectrometer (LECO GDS−850A). 

Table 2 Chemical compositions of samples 

Added amount  Analysis result 
Label w(Bi)/

% 
w(Sr)/

% 
w(Sr)/ 
w(Bi) 

 
w(Bi)/ 

% 
w(Sr)/

% 
w(Sr)/ 
w(Bi)

Untreated − − −  − − − 

Bi005 0.005 − −  0.005 − − 

Bi015 0.015 − −  0.015 − − 

Bi03 0.030 − −  0.030 − − 

Bi05 0.050 − −  0.050 − − 

Bi06 0.060 − −  0.060 − − 

Bi10 0.10 − −  0.090 − − 

Bi15 0.15 − −  0.15 − − 

Bi20 0.20 − −  0.20 − − 

Bi30 0.30 − −  0.30 − − 

Bi40 0.40 − −  0.40 − − 

Bi50 0.50 − −  0.50 − − 

SrBi13 0.015 0.002 0.13  0.011 <0.001 <0.09

SrBi2 0.015 0.003 0.20  0.015 0.003 0.20

SrBi33 0.015 0.005 0.33  0.015 0.004 0.27

SrBi66 0.015 0.010 0.66  0.015 0.009 0.60

SrBi1.33 0.015 0.020 1.33  0.015 0.020 1.33

SrBi2.66 0.015 0.040 2.66  0.015 0.031 2.07

SrBi17a 0.060 0.010 0.17  0.060 0.009 0.15

SrBi17b 0.235 0.040 0.17  0.235 0.037 0.16

SrBi5 0.040 0.020 0.50  0.040 0.018 0.45

SrBi8 0.050 0.040 0.80  0.050 0.036 0.72

SrMod − 0.004 −  − 0.004 − 

 
2.2 Thermal analysis 

Thermal analysis was performed by attaching a 
highly sensitive K-type thermocouple located in the 
middle of each cast bar. The temperature−time data were 
obtained using Dewetron high speed data acquisition 
system linked to a computer at a rate of 20 records per 
second. Flexpro.8 software was used to plot the cooling 
and first derivative curves in order to determine the 
cooling rate, nucleation temperature TN, minimum (Tmin) 
and growth temperature TG of each transformation during 
melt solidification. The cooling rates obtained from the 
curves, prior to nucleation of primary Al, were found to 
be 0.8 °C/s and 4 °C/s in sodium silicate bonded CO2 
sand mold and permanent metal mold, respectively. A 
typical cooling and first derivative curves of 
Al-7Si-0.4Mg alloy based on thermal analysis for 
sodium silicate bonded CO2 sand mold is illustrated in 
Fig. 2. 
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Fig. 2 Cooling curve and first derivative curve of Al-7Si-0.4Mg 
alloy (Tc means temperature of cooling curve; dTc/dt refers to 
first derivative curve of cooling curves) 
 
2.3 Sample characterization 

Specimens from each casting were taken out for 
microstructural examination. Those specimens were 
sectioned from the centre of each casting bar, mounted 
and ground with abrasive silicon carbide papers. Those 
ground specimens were then subjected to a final polishing 
with silica suspension (0.5 μm). The microstructures were 
analyzed and their images were captured with an optical 
microscope at various magnifications. Selected specimens 
were deep etched using a solution of 10% hydrochloric 
acid and 90% ethanol to reveal the 3D morphology of the 
eutectic silicon phase, which were analyzed using field 
emission scanning electron microscope (Supra−35VP, 
Carl Zeiss, Germany). 

 
3 Results and discussion 
 
3.1 Effect of bismuth 
3.1.1 Eutectic silicon morphology 

Very limited work on the effect of individual Bi on 
the Si eutectic phase in Al-Si cast alloys has been made 
over the years. However, since some effect of poisoning 
was reported when Bi was added to Sr-containing alloys 
[9, 11−12], it is probable that Bi present in unmodified 
Al-Si molten alloys may induce some effect on the 
morphology and/or size of the Si phase. In an attempt to 
investigate this possibility, Bi was added with increasing 
concentration to determine whether there is any degree 
of modification, refinement or coarsening of silicon 
flakes during solidification. 

For specimens solidified under slow cooling rate 
conditions, there was a significant change in the eutectic 
silicon size when the mass fraction of Bi was increased 
to 0.5%, as shown in Fig. 3. A coarse plate-like silicon 
and large amount of angular silicon can be observed 
within the eutectic region of untreated alloy in Fig. 3(a). 
The microstructure of treated alloy with 0.1% Bi (Fig. 
3(b)) is similar to that of the untreated alloy, showing 
that the structure of silicon still remained plate-like. With 
increasing the mass fraction of Bi to 0.3%, the size of 
silicon decreased, as shown in Fig. 3(c). When the mass 
fraction of Bi reached 0.5% in the melt, a refinement of 
Si flakes can be observed (Fig. 3(d)), resulting in the 
formation of a lamellar structure. There is also evidence 
that the interflake spacing decreased with increasing the  

 

 
Fig. 3 Optical microstructures of slow-cooled specimens without Bi (a), with 0.1% Bi (b), 0.3% Bi (c) and 0.5% Bi (d) 
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Bi content, an indication of refinement. 

In order to obtain more conclusive results, the 
cross-sections of specimens were subjected to deep 
etching to remove the aluminium phase for revealing the 
3D morphology of the Si phase. Indeed, the SEM 
micrographs shown in Fig. 4 confirm that the eutectic Si 
changed from coarse plate morphology (Fig. 4(a)) in the 
unmodified state into a refined structure with increasing 
Bi addition (Fig. 4(d)). From those fast-cooled specimens 
with different Bi contents, similar results were obtained, 

as shown in Fig. 5. In addition, it must be noted that the 
silicon eutectic is finer compared with those slowly 
cooled specimens. This fact is attributed to the increased 
solidification rate which intensifies the refinement of the 
structure. As can be seen from Figs. 5(a) and (c), the 
silicon eutectic morphology changed into very refined 
structure with 0.5% Bi content compared to the untreated 
sample. This was confirmed by the SEM micrographs 
shown in Fig. 6, which refined silicon structure when Bi 
mass fraction increases to 0.5%. 

 

 

Fig. 4 SEM micrographs of slow-cooled specimens without Bi (a), with 0.1% Bi (b), 0.3% Bi (c) and 0.5% Bi (d) 
 

 

 
 
 
Fig. 5 Optical microstructures of fast- 
cooled specimens without Bi (a), with 
0.1% Bi (b) and 0.5% Bi (c) 
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Fig. 6 SEM micrographs of fast-cooled specimens with 0.5% Bi in low (a) and high magnification (b) 
 

Both slow and fast-cooled specimens show similar 
behaviours of Bi with its tendency to refine the silicon 
eutectic, which is clearly observable at 0.5% Bi addition. 
Similar to other modifiers and refiners, the growth of 
silicon is most possibly affected. The refining ability of 
Bi does not come as a surprise since Bi has been found to 
reduce the surface tension of aluminium alloys according 
KURDYUMOV and INKIN [14] and PAPWORTH and 
FOX [14−15]. By reducing the liquid surface tension 
within the eutectic phase, which is a lamellar structure of 
Al and Si, Bi can reduce the contact angle between Al 
and Si, resulting in the aluminium being able to wet the 
silicon phase more easily and encapsulate the silicon 
growth front, thus limiting its growth. Since Bi and Sb 
are in Group V in the periodic table, they may share 
similar chemical properties. 

Thus, it is reasonable that Bi refines the silicon 
particles in ways similar to Sb refinement, a fact in 
agreement with CHO and LOPER [10]. Therefore, it can 
be deduced that Bi does not modify the eutectic structure 
in the same way as Na and Sr do, but rather only refines 
the silicon structure, much more like the refinement 
effect from Sb with increase in mechanical properties of 
Al-Si alloys [16] compared with Sr-modified alloys [17]. 
Since Bi/Si radius ratio is 1.39, it could hardly fulfill the 
size factor requirement of the impurity-induced twinning 
mechanism suggested by LU and HELLAWELL [1]. The 
silicon structure seen in Fig. 4(d) could have been due to 
refinement rather than modification with the addition of 
0.5% Bi. 
3.1.2 Thermal analysis 

Figure 7 shows the cooling curves of the slow- 
cooled untreated and Bi-treated alloys with Bi addition 
of 0.05%, 0.1%, 0.3% and 0.5%. The first derivative 
curve (dTC/dt) was also plotted in addition to cooling 
curve to be used as an indicator of phase transformation 
during solidification, as shown in Fig. 2. The difference 
between TG and Tmin describes the recalescence of 
eutectic transformation. Growth temperature is defined 
as the maximum reaction temperature after recalescence.  
The eutectic growth temperature and recalescence were 

measured from the characteristic temperature of cooling 
curves for each sample. It is well-established that 
modification of the Al-Si eutectic is accompanied by a 
depression in the TG [18−19]. Depression of TG was 
suggested to reveal modification automatically without 
microstructure analysis [7, 20]. 
 

 
Fig. 7 Cooling curves of slowly cooled and Bi-treated 
Al-7Si-0.4Mg alloys with different Bi additions 
 

The eutectic growth temperature of the unmodified 
alloy was measured to be 574.1 °C, whereas by adding 
0.05% Bi the TG decreased slightly to 573.6 °C. The TG 
decreased to the lowest eutectic growth temperature of 
572.4 °C when the mass fraction of Bi increased to 0.5%. 
It is seen that the eutectic growth temperature decreased 
by 1.7 °C, which can be related to the refinement of 
silicon structure, as shown in Fig. 4(d) and Fig. 6. The 
variation of eutectic growth temperature as a function of 
Bi concentration is shown in Fig. 8(a). It is clear that 
with increasing Bi content the TG decreased continuously. 
Furthermore, increasing Bi content in the molten alloy 
led to considerable recalescence (TG−Tmin) prior to 
eutectic growth, while negligible recalescence was 
observed in the untreated alloy (~0.2 °C), as shown in 
Fig. 8(b). Recalescence is an indication of nucleation 
effects, while a reduced growth temperature indicates an 
effect on growth [7] . 

On the other hand, bismuth not only affects the 
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growth but also has an impact on the nucleation of the 
eutectic silicon. 
 
3.2 Interaction between bismuth and strontium  
3.2.1 Eutectic silicon morphology 

In order to investigate the effect of Bi-Sr interaction 
on the eutectic silicon, the Bi content was fixed at 

0.015% and Sr content gradually increased from 0.001% 
to 0.031%. This produced specimens with a range of 
Sr/Bi mass ratio from 0.09 to 2.07. The microstructures 
of alloys with different Sr/Bi mass ratios for slowly 
cooled bars are shown in Fig. 9. It is clear that at a low 
Sr/Bi mass ratio (i.e. 0.20 and less), the eutectic silicon 
remains in a rather unmodified state consisting of flakes 

 

 
Fig. 8 Eutectic growth temperature (a) and recalescence (b) as function of Bi content 
 

 

 

 

 

Fig. 9 Optical microstructures of slow-cooled 

specimens with Sr/Br mass ratios of 0.10 (a), 

0.20 (b), 0.27 (c), 0.60 (d) and 1.33 (e) 
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or acicular morphology. As the mass ratio increases, 
however, the eutectic silicon gradually changes from 
partially modified (at m(Sr)/m(Bi) of 0.27) into modified 
fibrous silicon structure at the m(Sr)/m(Bi) of 0.60. 
Specimens with Sr/Bi mass ratios over 0.60 present fully 
modified silicon structure. Figure 10(a) shows the 
unmodified eutectic silicon while Figs.10(b) and (c) 
show fully modified eutectic silicon at higher 

magnifications. 
Several sand-cast (slow-cooled) specimens with 

different Sr/Bi mass ratios were also prepared in order to 
better understand the possible interaction between Bi and 
Sr.  These specimens were SrBi17aS, SrBi17bS, SrBi5S 
and SrBi8S, with the mass ratios of 0.15, 0.16, 0.45 and 
0.72, respectively. The letter “S” at the end of each 
sample label indicates slow-cooled sample. Figure 11  

 

 
 

 

Fig. 11 Optical microstructures of slow-cooled specimens with higher Sr and Bi concentrations but at different Sr/Bi mass ratios of 
0.15 (SrBi17aS) (a), 0.16 (SrBi17bS) (b), 0.45 (SRBi5S) (c) and 0.72 (SRBi8S) (d) 

 

Fig. 10 Optical microstructures of slow- 

cooled specimens with Sr/Bi mass ratios of 

0.2 (a), 0.60 (b), and 1.33 (c) at higher 

magnification 
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clearly shows that all specimens, except SrBi17aS, 
attained a modified silicon structure. For SrBi17bS, it is 
interesting to note that the eutectic silicon is modified 
even though the Sr/Bi mass ratio is less than 0.20 and is 
almost the same as the ratio in SrBi17aS with 
unmodified structure. In SrBi17bS, the Bi content is 
considerably higher than that of the rest of the specimens 
(exceeding 0.2%). However, at the same time, the Sr 
addition is the highest (i.e. 0.04%). This may indicate 
that at high strontium level, a wide range of bismuth 
concentration could be tolerated while still attaining a 
modified state. 

As noticed in this experiment, 0.037% Sr could still 
impose its modifying ability with Bi mass fraction up to 
0.235%, while for 0.018% Sr, 0.04% Bi does not 
counteract the Sr modification. The eutectic silicon 
structures of SrBi2S, SrBi5S and SrBi1.33S can be 
confirmed through SEM analyses shown in Fig. 12. The 
interaction between Bi and Sr in Al-7Si-0.4Mg can be 
represented in Fig. 13. 

The microstructures of fast-cooled specimens with 
the same Sr/Bi mass ratios and compositions show 
similar trend with those of the sand-cast specimens. As 
shown in Figs. 14(a) and (b) under fast cooling, 
 

 

Fig. 12 SEM micrographs of slow-cooled specimens with Sr/Bi 
mass ratios of 0.20 (a), 0.45 (b), and 1.33 (c) 

 

 
Fig. 13 Effect of Bi and Sr interaction on modification of slow- 
cooled specimens 
 
specimen with Sr/Bi mass ratio as low as 0.15 was found 
to exhibit a partially modified silicon structure, whereas 
under slow cooling condition, partial modification could 
be observed only at a mass ratio of 0.20. Specimens with 
higher Sr/Bi mass ratios (0.6 and above) clearly show the 
condition where silicon modification is attained. Thus, 
the diminishing effect of modification is more significant 
at slower cooling rates as the Sr/Bi mass ratio decreases. 
This may be due to the fast solidification effect that 
could have quench-modified the eutectic silicon. 
3.2.2 Thermal analysis 

It is evident from Fig. 15 that, below Sr/Bi mass 
ratio of 0.2, the eutectic growth temperature (TG) 
decreases slightly compared with the untreated alloy 
which is constant around 573.2 °C. By increasing the Sr 
addition and also Sr/Bi mass ratio, TG decreases 
continuously to 568.7 °C for sample with m(Sr)/m(Bi)= 
0.6. The results show that the presence of bismuth, even 
as low as 0.015%, could interfere with the modification 
effect of strontium. This effect is more obvious at slow 
cooling rates. It was reported that Sr modification effect 
was eliminated with 0.1% Bi [10] and 0.225% Bi 
addition [11]. However, MOHAMED et al [12] did not 
identify bismuth intermetallic compounds, but suggested 
there was a possibility that binary Bi3Sr, BiSr and Bi2Sr3 

or ternary Bi-Mg-Sr compounds might form before 
eutectic nucleation, leading to a reduction in the amount 
of free strontium available for modification. 

The present results seem to imply that there may be 
some interaction between bismuth and strontium, as it 
requires higher strontium concentration to exert complete 
silicon eutectic modification when bismuth is present in 
the melt. Modification could be attained only when more 
strontium is added, preferably with Sr/Bi mass ratio of 
more than 0.45 which reconciles well with the previous 
findings for 319 type alloy [9]. 
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Fig. 15 Cooling curves of eutectic growth for untreated, 
Sr-modified with 0.004% and different Sr/Bi mass ratios (The 
cooling curves have been displaced along time axis for clear 
presentation) 

 
4 Conclusions 
 

1) At both slow and fast cooling rates, bismuth 
refines plate-like eutectic silicon in Al-7Si-0.4Mg alloys. 
The refinement efficiency of Bi increases continuously 
with increasing the addition of Bi up to 0.5%. 

2) The refinement behavior of Bi causes a 
continuous decrease in the eutectic growth temperature 
and also an increase in the recalescence with increasing 
Bi addition up to 0.5%. 

3) In order to retain full modification, Sr/Bi mass 
ratio higher than 0.45 is required when bismuth is 
present in the melt. 
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Bi 和 Sr 改性 Al-7Si-0.4Mg 合金显微组织的影响 
 

S. FARAHANY, A. OURDJINI, M. H. IDRIS, L. T. THAI 
 

Department of Materials Engineering, Faculty of Mechanical Engineering, 

Universiti Teknologi Malaysia, 81310, Malaysia 

 
摘  要：研究单独添加 Bi 和联合添加 Bi 与 Sr 在不同凝固条件下对 Al-7Si-0.4Mg 合金中共晶硅结构的影响。结

果表明：添加 Bi 对共晶硅有细化作用，其细化能力随着 Bi 质量分数(在<0.5%范围内)的增加而增强。当 Bi 添加

到 Sr 改性的合金中时, 为了得到充分的共晶硅改性，较高的 Sr/Bi 质量比(至少 0.45)是必要的。 

关键词：Al-Si 合金; 铋; 锶; 改性; 共晶凝固 
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