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Abstract:  
The contribution describes the major problem with the secondary (recycled) 
alloys as the presence of unwanted elements due to the remelting of Al-
scrap negatively affecting the quality of AlSi7Mg0.6 cast alloy. Iron is the 
most harmful impurity in the secondary Al-Si alloys, leading to the 
formation of β-Fe-rich (Al5FeSi) intermetallic phases that promotes forming 
of casting defects such as porosity and shrinkage by its needle-like shape. 
Suitable neutralizer alloying elements, such as Mn, influence the formation 
of Fe-needle-like phases and lead to the formation of less harmful Mn-
containing α-Fe-rich phases. To optimize the morphology and properties of 
alloys, it is necessary to study the effects of individual alloying elements. 
Therefore, this study is focused on the effect of Mn addition on Fe-rich 
intermetallic phases and casting defects, thus the evaluation of its shape 
and distribution in AlSi7Mg0.6 secondary alloy. 
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1. INTRODUCTION  
 

Aluminium is vital for Europe providing a 
solution to many social and economic challenges 
that Europe faces in its efforts to build a more 
sustainable and resource-efficient economy. 
Aluminium is infinitely recyclable because its 
essential properties remain unchanged after 
multiple recycling loops. In addition, the low 
energy levels required for recycling compared with 
its initial manufacture make it an “energy bank” 
[1]. 

Aluminium has many different applications but 
it is particularly important in transport, as it 
reduces the carbon footprint of cars and trucks (on 
average 140 kg in every new car).  When these 
products reach the end of their life cycle, the 
material can be easily recycled and give life to a 
new product. Due to those qualities, 75 % of all the 
aluminium ever produced is still in use today [1].  

More than half of all aluminium currently 
produced in the European Union comes from 
recycled (secondary) aluminium produced by 
refineries and smelters, which shows that Europe 
is already the world's largest recycler per capita 
and this trend is increasing Fig. 1) [1, 2].  

Recycled (secondary) aluminium is produced 
from recycled aluminium originating from various 
forms of aluminium scrap and consists of: 

• End-of-life aluminium scrap;  

• End-of-life aluminium not collected (e.g. ending 
up in landfill);   

• End-of-life aluminium (collected and recycled) 
[3]. 
Thousands of scrap dealers worldwide collect 

recycled aluminium, segregate it by type and grade 
and repackage it for shipment. After that 
aluminium scrap is sent to a recycling facility, 
where it is shredded, melted, and recast. 
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Fig. 1. Share of primary and recycled aluminium 
through 2050 [4] 

 
The aluminium industry is an energy-intensive 

process using elevated temperatures with a 
significant environmental impact. Therefore, 
companies are focused on minimizing the 
production of primary-ore aluminium alloy 
components and replacing them with the 
secondary-recycled alloys as they can berecycled 
indefinitely without losing their intrinsic 
properties.  

Aluminium recycling has many benefits 
including energy savings of up to 95 % and 85 % 
less CO2 emission compared to primary 
production. In this regard, a study of recycling in 
the aluminium industry is of a high importance, 
especially in view of the increasing concerns about 
greenhouse gas emissions, global warming, and 
the rising tendency of fuel prices [1-2, 3-7]. 

Nowadays, it is estimated that 60 % of the 
metal used in automobiles is comprised of recycled 
aluminium. This percentage is expected to increase 
steadily over the next 20 years, and recycled 
aluminum should make up to 90% of the aluminum 
content in a car. Aluminum's light weight can 
improve the performance of any vehicle using the 
same powertrain and equipment now used in 
heavier vehicles that require a lot of steel [2-3]. 

Al-Si-based alloys are the most representative 
recycled alloys for cast applications due to their 
high specific strength, good castability, corrosion 
resistance and so on, used as a replacement for 
steel components in automotive and aerospace 
industries [8-11].  

However, the properties of Al-Si alloys are 
highly influenced by their chemical composition 
since containing elements (Si, Mg, Mn) that are 
present either intentionally to improve the 
properties of the alloy or non-intentionally. The 
major problem with recycled alloys is the presence 
of undesirable elements due to the remelting of Al-
scrap. It is very difficult to eliminate their negative 

effects on Al-alloys. Iron is considered as the most 
harmful impurity in the recycled Al-Si alloys, 
leading to the formation of Fe-rich intermetallic 
phasessuchas β-Fe-rich phase (β-Al5FeSi) or α-Fe-
rich phase (α-Al15(FeMn)3Si2), whose morphology 
influences the properties of Al-Si castings [5, 8-14]. 

The Al5FeSi phase is a hard and brittle phase, 
precipitate of a 3D platelet form (appearing as 
needles in 2D sections) that by its shape acts as a 
stress enhancer and blocks the flow of liquid in 
interdendritic areas during the solidification, as 
another research work by Brueckner-Foit [15] 
confirmed. The Al5FeSi phases promote forming of 
casting defects, such as porosity and shrinkage due 
to the precipitation of long and thick 
needles/platelets. It has been suggested that 
porosity increases with iron content since the 
Al5FeSi platelets block the interdendritic flow 
channels. Alternatively, Al5FeSi platelets have been 
proposed to nucleate the eutectic silicon, causing 
changes to microstructural permeability [9].  

The α-Al15(FeMn)3Si2 phases appear during the 
eutectic solidification with α-Al and commonly 
have a skeleton-like or Chinese script-like 
morphology. It has been proven that these 
morphologies of the α-Al15(FeMn)3Si2 phase can 
reduce the harmful effects of Fe-rich needles 
(Al5FeSi) to a minimum due to the shape and size 
of α-Al15(FeMn)3Si2 [12, 15, 16].  

Suitable neutralizer elements, such as Mn, 
influence the formation of the β-Fe-rich phase 
[15].  The Mn addition leads to formation of Mn-
containing intermetallic phases, such as 
Al15(FeMn)3Si2. The addition of Mn converts the 
needle-like β-Fe phases into α-Fe phases in 
Chinese script or skeleton-like form that does not 
initiate cracks like the β-Al5FeSi and thus allows 
producing an alloy with properties adjusted to 
applications [16-18]. The addition of Mn to Fe-
containing Al-Si cast alloys has also been credited 
with decreasing porosity [19]. The amount of Mn 
needed to neutralize iron is not well established. A 
common ‘‘rule of thumb’’ appears to be a ratio 
between the Fe and Mn concentrations of 2:1 [9, 
17, 19, 20]. 

On the other hand, with a slower cooling rate, 
polyhedral/star-like shaped α-particles known as 
the sludge phases may nucleate as primary 
particles [16, 17, 20-23]. According to the research 
work of [21], sludgecontrols the formation of 
porosity to some extent when the porosity at the 
fracture surfaces increases in Fe-rich alloys, 
modified to the sludge. The nucleation propensity 
of Fe-rich primary particles in an Al-Si alloy can be 
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estimated using a sludge factor combining the 
influence of Fe, Mn and Cr. The generally accepted 
empirical SF equation, expressed by Dunn [14]as: 

SF = wt. % Fe + 2 × wt. % Mn + 3 × wt. % Cr     (1) 

The SF may thus vary strongly depending on the 
chemical composition of the alloy; the higher the 
SF, the higher the amount of sludge present in the 
microstructure [24, 25]. 

To optimize properties in the secondary Al-Si 
cast alloys, it is necessary to study the effects of 
individual alloying elements, especially the 
influence of higher amounts of iron.  

Therefore, this study is focused on the effect of 
Mn addition on the morphology of Fe-rich 
intermetallic phases and evaluation of its shape 
and distribution in the AlSi7Mg0.6 secondary alloy 
with an iron content higher than 1 %.  

 
2. EXPERIMENTAL MATERIAL  

 
The secondary AlSi7Mg0.6 (A357) cast alloy was 

used as the experimental material, supplied from 
the company UNEKO s.r.o., CZ. Two melts (alloy A 
and alloy B) were cast with 1.2 % wt. Fe. The 
0.66 % wt. Mn (Fe/Mn = 2/1) was intentionally 
added into melt B. To increase the % Fe and % Mn 
content, AlFe75 and AlMn75 pre-alloys were used. 
The chemical composition, according to the 
delivery list, is shown in Table 1.  

 
Table 1. Chemical composition of AlSi7Mg0.6 cast alloy 
[% wt.] 

Alloy Si Fe Cu Mn Mg Ti SF 

  A 7.27 1.26 0.02 0.01 0.55 0.12 1.34 

  B 7.04 1.24 0.01 0.66 0.54 0.11 2.62 

In alloys A, B: Zn (<0,02); Ni (<0.02); Cr (<0.02); Pb 
(<0.05); Sn (<0.03); Na (<0.06); Sr (<0.02); Al (rest) 

 
From the individual experimental melts, 

experimental bars ø 20 x 300 mm were cast into 
sand moulds by the gravity casting method. The 
casting temperature was 750 °C and the refining 
temperature was 740 - 745 °C. The experimental 
alloys were not modified, grain refined, or heat 
treated. This type of material belongs to the group 
of aluminium alloys used especially for casting in 
mechanical, electrical engineering, automotive and 
aerospace industries etc. [16]. 

 
 
 
 

2.1 Experimental methodology 
 

For microstructural analysis standard 
metallographic procedure was performed. 
Metallographic samples were cut from 
experimental bars using the MTH MIKRON 3000 
automatic saw. Samples were liquid-cooled during 
the cutting to avoid thermal and mechanical 
effects on the structure. Next, the wet grinding on 
rough and soft grit sandpaper on a Tegra System 
from Struers was used. Polishing was performed to 
achieve a perfectly flattened surface on the Struers 
Op-S system. After each operation, the samples 
were rinsed with warm water and ethanol and 
dried in hot air. Prepared samples were etched by 
standard reagent 0.5 % HF, used for evaluation of 
microstructure by light microscope NEOPHOT 32 
and scanning electron microscope VEGA LMU II. 
Samples were etched by reagent 95 % H2SO4, to 
highlight the Fe-rich phases required for 
quantitative analysis. Quantitative analysis of Fe-
rich phases and porosity was performed by the NIS 
Elements software connected to the light 
microscope NEOPHOT 32. Each measured data is 
the average value of minimum 300 measured 
lengths of Fe-rich phases and pores. 
 
3. RESULTS AND DISCUSSION 

 
The representative microstructures of alloys A 

and B correspond to the hypoeutectic alloys are 
shown in Fig. 2.  

The microstructure of both experimental alloys 
consists of dendrites α-phase (light grey), eutectic 
(mixture of α-matrix and spherical grey Si-phases) 
and various types of intermetallic phases. From the 
SEM observation (Fig. 3), the intermetallic phases 
were identified as: 

• Al5FeSi - dark grey needles (platelets); 

• Al15(FeMn)3Si2 - pale grey in the form of the 
Chinese script, resp. in a skeleton-like form; 

• AlFeMnMgSi - sharp-edged particles; 

• Mg2Si - dark round particles. 
 
In the microstructure of alloy B are found α-

sludge phases, as well, due to the addition of Mn 
and Cr in a typical star-like shape with SF 2.62 
according to Equation (1).  
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a) alloy A 

 

b) alloy B 

Fig. 2. Microstructure of AlSi7Mg0.6 cast alloy;  
1- α-phase, 2-eutectic, 3-Fe-intermetallic phases,  

4-sludge phases; etch. 0.5 % HF 
 
As shown in alloy A (Fig. 2a and 3a), the long, 

thick and needle-like Al5FeSi phases are crystallized 
in alloy A without Mn. According to Seifeddine 
[20], at iron levels above 1 %, the Fe-needles 
precipitate as primary and result in extremely large 
structures independent of the cooling rate. In the 
microstructure of alloy B (Fig. 3b), this phase has a 
more rounded shape with a shorter length and is 
observed only locally.  

With addition of Mn (0.66 wt. % - alloy B), the 
needle-like Al5FeSi phase was replaced by a 
skeleton-like or Chinese script-like Al15(FeMn)3Si2 
phase (Fig. 2b and 3b), as confirmed by research 
works [12, 16 or 20].  

The more compact α- Al15(FeMn)3Si2 phase 
forms early in the solidification process and a large 
amount of iron is therefore consumed, reducing 
the iron content of the residual liquid and 
preventing the nucleation of β-Al5FeSi platelets 
prior to the Al-Si eutectic. The Al15(FeMn)3Si2 phase 
is more or less equiaxed and tends to form as 
dendrites (Fig. 2b and 3b). Additionally, sludge 
phases are also found in alloy B due to its chemical 
composition (Fig. 2b). 

The AlFeMnMgSi intermetallic phases are 
present in both alloys in the form of sharp-edged 

particles and Mg2Si phase in form of rounded black 
particles along the sides of the eutectic Si particles 
(Fig. 3a).  

 

a) alloy A 

 

b) alloy B 

Fig. 3. Intermetallic phases of AlSi7Mg0.6 alloy;  
1- Al5FeSi, 2- Al15(FeMn)3Si2, 3- AlFeMnMgSi, 4- Mg2Si, 

etch. 0.5 % HF, SEM 
 

The quantitative analysis was mainly focused on 
the morphological and structural changes of Fe-
phases caused by the addition of Mn. The amount 
of Fe-phases and the length and area fraction of 
the needle-like Al5FeSi phase were measured (Fig. 
4), since the iron leads to an increase in amount 
and size, especially of the Fe-rich phases in the 
form of needles [3,8].  

Iron facilitates the formation of porosity, which 
seems to be related to formation and occurrence 
of the Fe-rich phases. The Fe-phases cause serious 
feeding difficulties during the solidification. The 
morphology of the Al5FeSi phase blocks 
interdendritic flow channels, therefore, it is 
proposed that the higher iron content in the alloy 
is associated with higher levels of porosity, as well. 
Moreover, as mentioned before, the Al5FeSi phase 
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promotes casting defects - porosity, therefore the 
pore size and porosity were measured as well. 

 

 

alloy A 

 

alloy B 

Fig. 4. Quantitative analysis of Al5FeSi phases in 
AlSi7Mg0.6 alloy, etch. 95 % H2SO4 

 
The results of the quantitative analysis are 

presented in graphs in Fig. 5.  
It is well known that the Mn and Fe content can 

influence the type, size, and ratio of different Fe 
intermetallic compounds. The area fraction of 
Al5FeSi needles decreased from 3.5 % in alloy A to 
0.9 % in alloy B (Fig. 5a) and in alloy B a phase 
Al15(FeMn)3Si2 in the amount of 8.4 % was 
observed.  

From the results of the quantitative analysis, 
alloy A contains a higher average length and 
amount of needle-like Fe phases compared to alloy 
B (Fig. 5b). The length of the needles has been 
shortened from 47 µm to 37 µm (27 % reduction).  

The Al15(FeMn)3Si2 phase size was measured at 
354 µm2. The shape of the Al5FeSi phase in alloy B 
is significantly affected by the Mn addition when 
the expected transformation from the needle-like 
Al5FeSi to skeleton-like or script-like Al15(FeMn)3Si2 
phase was achieved (Fig. 5b). 

However, alloy B reaches higher average 
porosity and pore sizes compared to alloy A 
possibly due to Mn addition (Fig. 5c). Porosity 
increased from 2.6 to 6.3 % and the proportional 
size of casting defects increased.  

 

 

a) Effect of Mn on the amount of Fe-phases 

 

b) Effect of Mn on the length and size of Fe-phases 

 

c) Effect of Mn on the porosity 

Fig. 5. Quantitative analysis results of selected 
AlSi7Mg0.6 alloys parameters 

 
In Fig. 6 the pores were observed in close 

contact with the Fe-needles (Fig. 6a) or in the 3D-
platelets (Fig. 6b). This pore formation confirmed 
the studies of Brueckner-Foit [16] and Puncreobutr 
[23] of Fe-needles being surrounded by pores and 
acting as porosity nucleation sites.  

The results of the quantitative analysis 
correspond with the work of the authors [14, 20]. 
As the Mn concentration increases, the size of the 
Al15(FeMn)3Si2 particles increases too. This has 
probably a potentially detrimental effect on the 
porosity. The formation of large Al15(FeMn)3Si2 
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phases will block interdendritic feed paths at high 
solid fractions. 

At the same time, the authors [20] observed 
that at higher iron contents (Fe > 0.7 %), the 
Al5FeSi-phase (even if it is low in quantity) 
participates in the nucleation of eutectic silicon, 
leading to a rapid deterioration of interdendritic 
permeability and consequently to formation of 
shrinkage porosity. 

The higher porosity of alloy B may also be a 
result of the sludge phase’s presence, thought that 
the primary sludge formed may act as nucleation 
sites for hydrogen porosity and/or prevent pore 
leakage [21].   

 

 

a) alloy A, etch. 95% H2SO4 

 

b) alloy A, SEM 

Fig. 6. Pore formation surrounding Al5FeSi phases 
(arrowed) in AlSi7Mg0.6 cast alloy 

 
4. CONCLUSIONS  

 
Both experimental materials with high iron 

content (1.2 %) have comparable main structural 
components. The microstructure consists of α-
phase, eutectic and Fe- Mg-rich intermetallic 
phases. The amount and chemical composition of 
intermetallic phases depend on the type of 

experimental material. Differences between 
experimental materials, affected by addition of 
manganese, are as follows: 

• Holding the recommended amount, Mn has a 
positive effect on elimination of negative 
needle-like β-Fe (Al5FeSi phases). 

• The addition of Mn causes the reduction of the 
number of the β-Al5FeSi phases; leads to the 
transformation of brittle β-Fe platelets into 
less harmful α-Fe phases Al15(FeMn)3Si2 with 
skeleton-like or Chinese script morphology, 
therefore, the lower risk of crack initiations is 
expected for alloy B. The occurrence of sludge 
phases has also been observed. 

• However, Mn negatively affects the porosity - 
in alloy B with the addition of 0.66 wt.% Mn 
both the porosity and the average pore size 
significantly increased. 
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