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In this work, the effect of bismuth over Na-modified eutectic Si particles was investigated in an A356 alloy with different Bi 
and Na contents. Metallographic and thermal analysis techniques were used to examine the microstructural changes occur-
ring at different Bi and Na levels. The cooling curves and the corresponding derivative curves were plotted to determine the 
nucleation TN, minimum TMin and growth TG temperatures for the Al-Si eutectic reaction. The results indicate that the TN, TMin 
and TG values decrease after Na modification. In the unmodified alloy, the eutectic Si shows a fully unmodified lamellar mor-
phology. A fully modified structure is obtained with 55 ppm Na in the alloy containing 20 ppm Bi impurity, while the same le-
vel of Na can partially modify the alloy containing 200 ppm Bi. It was also determined that the Bi-Na-rich intermetallic in the 
microstructure causes counteraction and it can be a binary or triple eutectic system containing more than one compound.
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INTRODUCTION
Secondary aluminium alloys have generally a lower pro-
duction cost than primary ones. However, different impurity 
elements coming from the recycling process can affect the 
mechanical properties of the final product. To reduce the 
level of the impurities, the dilution is carried out by mixing 
secondary and primary aluminium alloys; however this rou-
te appears nowadays expensive and difficult to pursue.
Most of the secondary aluminium alloys come from a com-
bination of casting and wrought alloys. Both scraps may 
contain bismuth as a trace element, and this may be faced 
with the harmful effects of the existence of bismuth impu-
rity. The main source of Bi impurity in the Al-Si alloys is Bi 
containing free-machining wrought aluminium alloys [1]. 
Bismuth addition has an important advantage on the ma-
chinability of Al alloys. Thanks to their low melting points, 
Bi-rich phases act as a lubricant and decrease the cutting 
force during the machining process [2,3]. Bismuth is also 
known as a chemical refiner for the eutectic silicon structure 
in hypoeutectic and hypereutectic Al-Si alloys, and it provi-
des higher wear resistance and tensile performance [4].
After the recycling process, Bi may remain as an impurity 
element and counteract the effect of further additions or 
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preliminary molten metal treatments. Some authors repor-
ted [5,6] that the presence of Bi in Sr-modified Al-Si cast 
alloys increases the eutectic growth temperature and leads 
towards a fibrous to flake transition of eutectic Si particles 
with a decrease of tensile performance, especially in elon-
gation [7,8]. Some complex phases, such as BiSr, Bi2Sr3, Mg-

2Bi2Sr forming by Bi-Sr interactions, reduce the available Sr 
amount for eutectic modification [5,9]. Furthermore, Bi has 
a great oxidation tendency and forms a Bi-rich oxide surface 
covering the molten bath [5] and thus preventing the forma-
tion of a continuous Al oxide surface [10].
Sodium is the most effective eutectic Si modifier in Al-Si al-
loys. Multiple twinning reactions during eutectic Si growth 
and increasing the twin density can be achieved by adding a 
low amount of Na (<100 ppm) [11,12]. Na addition is general-
ly applied to change the morphology of eutectic silicon cry-
stals by flake-to-fibrous transition resulting in a significant 
improvement of mechanical properties [13].
Studies on the effect of Na-Bi interaction in Al-Si alloys are 
limited, even though separately additions have been inve-
stigated. This work aims to study the effect of Bi impurity 
over Na-modified AlSi7Mg0.3 alloy, focusing on possible 
variations in the solidification sequence and microstructure 
of the alloy. 

EXPERIMENTAL PROCEDURE 
In the present study, an AlSi7Mg alloy (A356.2) was used as 
a base alloy and the chemical composition, measured by an 
optical emission spectrometer (OES), is listed in Table 1Er-

rore. L'origine riferimento non è stata trovata.. If present, 
bismuth was below the lower detection limit (< 15 ppm) of 
OES in the base alloy. About 3 kg of ingot pieces were mel-
ted in a SiC crucible using an electric furnace at 730 ± 5 °C. 
For the investigation of Na-Bi interaction, the melt was al-
loyed with different Na (0 and 55 ppm) and Bi (20 and 200 
ppm) levels by adding metallic sodium and AlBi9 master 
alloy, respectively. The contact time between the elements 
and the melt was about 15 min. The final experimental alloys 
are listed in Table 2. The molten metal was carefully poured 
into a BN-coated steel cup which was pre-heated at 700 ± 5 
°C.
To monitor the solidification path and determine the cha-
racteristic temperatures of the experimental alloys, compu-
ter-aided thermal analysis technique was used, which was 
based on the two-thermocouple method. The tip of K-type 
thermocouples (ø1 mm), which were covered with steel 
tubes, were fixed at the lid of the cup and inserted into the 
melt after pouring. The specimens were solidified in air with 
a cooling rate of ~0.2 °C/s. A high-speed data acquisition sy-
stem with a sampling rate of 0.1 s-1 and an analogue-to-digi-
tal converter accuracy of 0.1 °C was used. The data from the 
central thermocouple were processed for each experimen-
tal alloy to determine the cooling curve and the characteri-
stic temperatures by using the derivative curves (dT/dt) of 
the cooling curves.

Si Fe Cu Mn Mg Ti Na Bi Al

7.5 0.0564 0.0031 0.0022 0.251 0.128 0.0001 - Bal.

Tab.1 - Chemical composition of the investigated alloy (mass %).

The eutectic nucleation temperature (TN,eu), the minimum 
temperature of eutectic (Tmin,eu), and the eutectic growth 
temperature (TG,eu) were analyzed to study the efficiency of 
the eutectic modification and the possible Na-Bi interaction. 
At least three thermal analysis tests were carried out for each 

experimental alloy and it was recognized that the variation 
of the characteristic temperatures during solidification was 
less than 1 °C.
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Alloy
Nominal Na addition 

(PPM)
Nominal Bi addition 

(PPM)
Actual Na addition 

(PPM)
Actual Bi addition 

(PPM)

Na0Bi20 0 20 0 25

Na55Bi20 55 20 48 20

Na0Bi200 0 200 0 184

Na55Bi200 55 200 58 229

Tab.2 - Nominal and actual Na and Bi contents in the different experimental alloys.

The samples for microstructural investigation were drawn 
from the location close to the tip of the central thermocou-
ple in order to correlate the microstructure with the results 
obtained from thermal analysis. A standard metallographic 
procedure was used for samples’ preparation. Microstructu-
ral investigations were carried out by using an optical micro-
scope (OM) and a field emission gun scanning electron mi-
croscope (FEG-SEM) equipped with an energy-dispersive 
spectrometer (EDS) and then quantitatively analyzed using 
an image analyzer. These investigations were focused on the 
morphological variation of the eutectic Si.

RESULTS AND DISCUSSION
The solidification path and the variation of the characteristic 

temperatures in the region of the Al-Si eutectic reaction of 
the experimental alloys containing different amounts of Na 
and Bi are shown in Fig. 1. The eutectic plateau of the Al-
Si7Mg base alloy is steady at 575.1 °C, while the nucleation 
of eutectic Si takes place at 577.7 °C. The eutectic Si in the 
Na0Bi20 and Na0Bi200 alloys, both containing Bi impurity, 
nucleates at gradually higher temperatures with increa-
sing Bi level, and the solidification paths of these alloys are 
plotted at higher temperatures (see Fig. 1). This behaviour 
is generally related to the formation of a precursor that can 
favour the nucleation of the eutectic Si at higher temperatu-
re. Therefore, the addition of Bi leads to the precipitation of 
active nucleation sites for eutectic Si.

Fig.1 - (a) Cooling curves and (b) variation of the characteristic eutectic temperatures of the experimental alloys.



La Metallurgia Italiana - Novembre/Dicembre 2021 pagina 76

Memorie scientifiche - Pressocolata

Sodium modification depresses the eutectic plateau of the 
unmodified alloys, as shown in Fig. 1a. The cooling curve 
of Na55Bi20 alloy shows a greater depression than the Na-

55Bi200 alloy. The slight slope which is visible where the eu-
tectic plateau begins on the solidification path of Na55Bi20 
alloy may be caused by the precipitation of Fe-rich phase.

Fig.2 -Microstructures of the alloys: (a) Na0Bi20, (b) Na55Bi20, (c) Na0Bi200 and (d) Na55Bi200.

The eutectic Si in the alloys with Bi impurity nucleates at 
higher temperatures (TN,eu) than the base alloy; further, the 
eutectic growth temperature (TG,eu) shows higher values by 
increasing the Bi content. In the alloy containing 20 ppm Bi, 
the TN,eu decreases from 581.0 to 574.1 °C, while the TG,eu de-
creases from 578.1 to 569.3 °C after Na addition. In the alloy 
with 200 ppm Bi impurity, the TN,eu decreases from 581.4 to 
580.8 °C, while the TG,eu decreases from 579.3 to 574.1 °C, 
after Na addition. The efficiency of Na modification on the 
decreasing the characteristic eutectic temperatures is hi-
gher when the level of Bi impurity is low. It can be claimed 
that Bi impurity prevents the decrease of the characteristic 
temperatures.
Fig. 2 shows the microstructure of the experimental alloys. 
While the Si flakes are coarse in the microstructure of Na-
0Bi20 alloy (Fig. 2a), the eutectic structure of Na55Bi20 alloy 

is fully modified after 55 ppm Na addition (Fig. 2b). However, 
55 ppm Na addition is not sufficiently effective to modify the 
200 ppm Bi-containing alloy; this Na amount can only par-
tially modify the eutectic structure (Fig. 2d) when the level of 
Bi impurity has increased to 200 ppm. Even though the size 
of the eutectic Si is reduced, particles with plate-like shape 
are visible in the microstructure (Fig. 2d). The addition of Na 
in Al-Si alloys has been demonstrated to change the shape 
of eutectic Si crystals from flake to fibrous morphology. In 
the Bi-containg alloys, the AlP compounds, which are the 
main nucleant for eutectic Si, seem to not be completely 
deactivated after Na addition; this is due to the interaction 
between Na and Bi. Therefore, Si crystals can nuleate over 
AlP phase and form coarse flakes. It can be concluded that 
the effective amount of Na element to modify the eutectic Si 
is decreased by Bi impurity.
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Coarse blocky Si crystals are seen in unmodified and Bi-con-
taining alloys (Na0Bi20, Na0Bi200). The microstructure of 
Na-modified alloy containing 200 ppm Bi impurity was in-
vestigated in detail by scanning electron microscopy (Fig. 
3). Bi-rich intermetallics appeared as bright dots due to the 
high atomic mass of Bi element at the centre of coarse eu-
tectic Si crystals. It is observed that these bright particles are 
surrounded by or vicinity of coarse eutectic silicon particles. 

Figs. 3b and 3c show EDS point mode and line-scan mode 
analyses of the Bi-bearing phase shown in Fig. 3a. Although 
Al, Si, Mg, Bi and Na are detected in EDS point mode analy-
sis, only Mg, Bi and Na peaks are observed in line-scan one. 
Al and Si counts are most likely due to the matrix and eu-
tectic Si particle. It can be claimed that the bright particle 
contains Na and Mg elements as well as Bi.

Fig.3 - SEM images of an eutectic Si crystal with a centrally located Bi-rich particle in the Na55Bi200 alloy at (a) low 
and (d) high magnifications; EDS (b) point mode and (c) line-scan mode analyses of the particle.

When the Bi-Na-rich phase is investigated at higher magni-
fication (see Fig. 3d), it is observed that light grey primary 
columns are positioned at an angle of 108° angles to each 
other in the white matrix. The Al-Bi phase diagram demon-
strates that the solubility of Bi in the α-Al phase is less than 
0.24 wt.% at 657 °C and almost null at the eutectic tempera-
ture (270 °C) [14]. The EDS analyses indicated also the exi-
stence of Mg and Na elements in the Bi-bearing phase. The 
high magnification of the centrally located Bi-rich particle 
shows a complex structure that appears as a binary or ter-
nary eutectic structure (Fig. 3d). Considering the Mg-Bi and 
Bi-Na phase diagrams [14], the structures might composed 
by Bi2Mg3, as previously reported in [15], and BiNa which can 
counteract the modification effect of Na reducing the active 
Na element in the system. 

CONCLUSION
In the current work, the effect of Bi impurity on Na-modi-
fied eutectic Si particles was investigated in A356 alloywith 
different Bi and Na contents. The following conclusions can 
be drawn.

• The characteristic temperatures of eutectic reaction in-
crease with increasing level of Bi impurity in AlSi7Mg alloy.
• Bi impurity decreases the effectiveness of Na-modifica-
tion of eutectic Si.
• Bi-Na interaction leads to the formation of Bi-Na-rich 
rich phases.
• In case of higher level of Bi impurity, more Na addition is 
required to fully modify the eutectic Si. 
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