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The use of secondary aluminium alloys gives manufacturers in many industries the opportunity to 
produce their products more economically and environmentally friendly. The secondary aluminium alloy 
production is sustainable in the long term. As aluminium does not lose its excellent properties through 
recycling, secondary aluminium alloys have the potential to replace primary aluminium in many 
applications. However, recycled aluminium alloys have the disadvantage of insufficient sorting and thus 
a higher content of impurities in their chemical composition. The most common undesirable element in 
Al-Si-Mg cast alloys is iron. It adversely affects mechanical properties, fatigue behaviour and corrosion 
resistance. The influence of iron can be reduced by the addition of manganese. This paper deals with the 
effect of manganese on the morphology of Fe-phases and corrosion resistance of AlSi7Mg0.6 secondary 
alloy with higher iron content (0.75 % and 1.26 %). 
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 Introduction 

Al-Si-Mg-based alloys are aluminium alloys widely 
used in the automotive field because of their good 
mechanical properties, low density, excellent fluidity, 
castability and finally - corrosion resistance. The 
properties of these alloys depend on the morphology 
and size of the main phase components: α-phase (solid 
solution of silicon in aluminium), eutectic silicon 
particles and Fe-rich and Mg-rich intermetallic phases. 
Of the Fe-phases, the most observed phases in these 
alloys are phases such as the Al5FeSi phase with 
plate/needle-like morphology and the 
Al15(FeMnMg)3Si2 phase with skeleton-like or script-
like morphology [1]. Al5FeSi phase is known to be a 
primary phase, with a three-dimensional form of a thin 
platelet that looks like needles in a two-dimensional 
optical micrograph. These platelets are usually 
potential sites for crack initiation, where eventual 
breakup failure occurs. Often, Mn is found in 
secondary metal made from recycled wrought 
products and is usually not deliberately added to virgin 
cast alloys. Manganese can transform Fe-rich (Al5FeSi) 
phases morphology of Al-Si-Mg alloy from platelets to 
a more cubic phase (Al15(FeMn)3Si2 or 
Al15(FeMnMg)3Si2) with skeleton-like or script-like 
morphology and this improves the alloy’s ductility and 
tensile strength [2]. Intermetallic phase Mg2Si provides 
the ability to be hardened using heat treatment. 
Thanks to the Mg2Si phase, Al-Si-Mg alloys can 
increase their mechanical and fatigue properties [3]. 

Also, the corrosion resistance is positively affected by 
Mg2Si particles [4].  

Al-Si-Mg alloys are mostly used in the automotive 
industry (engine blocks, cylinder heads, transmissions 
case etc.), but their castings also find their applications 
in the aerospace and food industry [5-6]. The usage of 
aluminium alloy castings in the automotive industry 
still increases thanks to good castability (low tendency 
to form shrinkage and cracks) and other properties - 
weight, strength, workability, and relatively low cost. 
Aluminium is approximately one-third the density of 
steel, making it lightweight in comparison [6-8]. As 
aluminium is also a good electrical conductor, its alloys 
found application also in the energy production 
industry [9]. 

Common aluminium casting processes include die 
casting, sand casting, casting into shell moulds, 
permanent mould casting, casting into ceramic 
moulds, squeeze casting and casting into plaster 
moulds. When using the squeeze casting method, the 
metal solidifies under pressure, which results in a 
significant improvement in the properties of castings 
[10-13]. Products with smooth surfaces, high 
dimensional accuracy, the lack of surface defects and 
good shape fidelity can be made [14]. 

Secondary aluminium alloys are the materials 
produced by recycling aluminium scrap. Aluminium 
alloys are 100 % recyclable without loss of properties. 
There is no difference in the quality between new and 
recycled aluminium alloys, so they can be melted and 
recast over again. Only 5 % of the energy required for 
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primary aluminium production is needed for the 
recycling process. This implies that the secondary 
production of aluminium alloys is economically and 
environmentally beneficial. Due to this fact, the 
amount of secondary aluminium increases every year 
[8, 15-16]. Currently, the predominant use (approx. 70 
%) of recycled aluminium is in the production of 
aluminium-silicon casting alloys mostly used in the 
automotive industry, with the balance converted to 
wrought alloys for re-use in sheet or extruded form, 
with a small proportion being converted to de-oxidant 
for the steel industry. Many secondary alloys utilized 
today, especially in the aerospace industry where 
requirements for exceptionally high ductility and 
toughness are common, call for very tight 
composition controls on both Fe and Si. Impurity 
levels above 0.10 - 0.15 % Fe or 0.15 - 0.25 % Si are 
unacceptable, for example, in premium high-
toughness aerospace alloys. High-performance 
automotive alloys restrict both Si and Fe to 0.40 % 
maximum. Both elements (Fe and Si) are difficult to 
control in recycled metal and tend to increase 
modestly the more often the metal has been recycled. 
Elements other than Fe may be expected to gradually 
increase with time and may require special attention 
[17-18]. 

Alloying elements in aluminium alloys are classified 
as major, minor, microstructure modifiers or 
impurities. In Al-Si-Mg based alloys major alloying 
elements are silicon and magnesium. The most used 
Al-Si-Mg-based casting alloys are AlSi5, AlSi7Mg and 
AlSi10Mg, which can be used for parts with thin walls 
and complex geometry. These alloys are also used for 
parts which are subject to high loads and are 
complicated in shapes. The common problem of 
secondary aluminium alloys is the presence of a high 
amount of iron, which is an impurity element in Al-Si-
Mg-based alloys. The content of iron can increase 
because of using steel tools during the alloying 
process, and it is also present in bauxite. When 
aluminium is recycled, it is technologically not possible 
to remove the iron out of the liquid. This implies, that 
the amount of iron in the secondary aluminium alloys 
increases [16-21]. 

Metal corrosion is the physicochemical interaction 
of the metal and the environment. It leads to changes 
in the properties of the metal, which can influence its 
ability to work properly. The most widely used 
corrosive environment is the atmosphere. Aluminium 
and its alloys have a strong affinity for oxygen. That 
leads to the formation of a passive layer of Al2O3 on 
the surface. The oxide layer protects the material 
against the continuation of the corrosion process. The 
thickness of the protective oxide film is about 5 nm. 
The layer is resistant to attack from water and oxygen 
in a wide range of temperatures. However, aluminium 
alloy products are also widely used in other 

environments, which are chemically more aggressive. 
Technically significant environments are different soil, 
the water of the river and saltwater of the sea, which 
acts aggressively on vessels and ports. The corrosion 
behaviour of aluminium alloys in these environments 
is not as good as in the atmosphere (aluminium alloys 
are attacked by localized forms of corrosion) and it is 
still needed to be investigated. The main type of 
corrosion of aluminium alloys is pitting corrosion [1, 
22-28]. 

One of the most important factors causing pitting 
corrosion of the matrix is the presence of Al5FeSi 
intermetallic phases. Al5FeSi phase is plate-shaped 
(visible as needle-shaped in the transverse section). 
These phases are cathodic concerning the aluminium 
matrix. In addition to the corrosion resistance, the 
Al5FeSi phase also harms mechanical properties 
(decrease of ductility and ultimate tensile strength) and 
fatigue behaviour. Plate-like Al5FeSi phase can also 
influence porosity [6, 29-30]. 

The effect of iron can be corrected by alloying with 
a suitably selected corrector, such as Mn, Cr, Be and 
Ni. The most widely used additive for this purpose is 
manganese. For secondary aluminium alloys, the 
recommended alloying ratio of Mn/Fe is 0.5 [6, 30]. 
The influence of iron can also be reduced with 
chemical treatment, solid solution hardening and 
precipitation hardening [30]. There exist a big 
discrepancy concerning ranges of the temperature and 
duration of the solutioning and ageing operations, but 
in general, it can be said that the usual temperature of 
solutioning is around 535 °C and the temperature of 
ageing is around 160-170 °C. The parameters depend 
on the chemical composition of the material [3, 31-
32].  

This study is focused on the effect of Mn addition 
on the morphology of Fe-rich intermetallic phases and 
the evaluation of its shape and distribution in 
AlSi7Mg0.6 secondary alloy with higher iron content. 
The work is part of a VEGA project 01/0398/19 
aimed at the study of secondary alloys with higher iron 
content. 

 Experimental part 

Secondary aluminium alloy AlSi7Mg0,6 with 
higher iron content was used as the experimental 
material. The material was supplied by UNEKO 
Zátor, a. s. The alloy was cast by gravity casting into 
sand moulds. The temperature of casting was 750 °C. 
The ECOSAL Al 113S salt was used for refining. Four 
melts were cast - alloys A, B, C and D, with similar 
chemical compositions. The only significant 
differences were in the iron and manganese content. 
Alloys A and B had about 0.7 wt.% Fe and alloys 
designated C and D contained about 1.2 wt.% Fe 
(Tab. 1).  
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Tab. 1 Chemical composition of experimental alloys [wt. %] 
Alloy Si Mg Fe Mn Ti Cu Al 

A 7.374 0.477 0.750 0.007 0.121 0.017 ball. 
B 7.252 0.501 0.728 0.402 0.120 0.040 ball. 
C 7.276 0.548 1.264 0.008 0.117 0.012 ball. 
D 7.047 0.546 1.245 0.661 0.115 0.013 ball. 

To determine the effect of Mn, alloys A and C were 
alloyed with manganese in a ratio of approximately 1:2 
relative to the iron content. To increase the iron and 
manganese content, AlFe75 and AlMn75 pre-alloys 
were used. The exact chemical composition of the 
alloys used was determined by the manufacturer 
UNEKO according to EN 10204 3.1 The material was 
supplied as rods of circular cross-sections with a 
diameter of 20 mm and a length of 300 mm. The 
experimental material was not heat treated so only the 
effect of manganese could be observed. 

Samples of the experimental material for 
microstructure analysis were prepared by the usual 
preparation process. The specimen was cut either by 
saw ATM Brillant 240 and pressed into dentacryl using 
Struers-CitoPress-1.  aluminium alloys were used. The 
process consists of five steps, which differ in the 
roughness of the sandpaper, the chemical 
environment, and the duration of the process. In the 
final stage, the samples were etched with 0.5 % HF. 

Samples for the corrosion Audi test were cleaned 
with water and degreased with ethanol. Three samples 
were prepared for each melt (marked X, Y, Z). The 
dried samples were weighed and dipped in the 
prepared chemical solution. The chemical solution for 
the Audi test consists of distilled water, NaCl and HCl. 
In our case, it was necessary to mix the solution with 
1,5 l of distilled water, 30 g of NaCl and 102,5 ml of 
35 % HCl. The duration of the test was 2 hours. After 
this time, samples were removed from the solution 
and cleaned with distilled water and ethanol. After the 
samples were dried, they were weighed with analytical 
weight. The difference in the weight of samples before 
and after the Audi test shows the corrosion resistance 
of the material. If the weight loss is large, the corrosion 

resistance of the material is poor. 
The microstructure of the material was observed 

on a NEOPHOT 32 microscope. Quantitative 
metallography [33-34] was carried out on an Image 
Analyzer NIS - Elements 5.0 to quantify Fe-rich 
phases in samples etched by H2SO4. Etching by 
H2SO4 was needed to obtain a suitable contrast of Fe-
iron phases. To minimize statistical errors in the 
determinations, fifty micrographs were assessed; a 
relative error of less than 0.05 was sought. In the 
metallographic analysis, the assumption is that the 
Mn-affects the shape and size of the Fe-phases in the 
microstructure of AlSiMg0.6. 

 Results and discussion 

The microstructure of AlSi7Mg0.6 secondary alloy 
is documented in Fig. 1. The largest area fraction is 
represented by the α phase (α-matrix), i.e., the 
substitutional solid solution of Si in Al, which is 
precipitated in the form of dendrites. The eutectic in 
these materials is represented by a mixture of α-matrix 
and silicon particles (Fig. 1a). In addition to these 
components, intermetallic phases, especially Fe-rich 
phases and Mg2Si phases, are present in the structure 
of the AlSi7Mg0.6 alloy. Depending on the chemical 
composition, the Fe-phases are precipitated in the 
form of needles - the Al5FeSi phase (Fig. 1b), skeleton-
like shapes - the Al15(FeMnMg)3Si2 phase, or in the 
shape of Chinese script - also the Al15(FeMnMg)3Si2 
phase (Fig. 1c).  

The Fe-phases are light grey to dark grey after 
etching with 0,5 % HF and black after etching with 96 
% H2SO4.

 

Fig. 1 Microstructure of AlSi7Mg0.6 secondary alloy, a) basic microstructure, b) detail of Al5FeSi phase,  
c) detail of Al15(FeMnMg)3Si2, etch. 0,5 % HF 

The microstructure of alloys A, B, C and D are 
documented in Fig. 2. With increasing % Fe and the 
addition of Mn, the proportion of individual Fe- 
phases changes. The higher iron content (1.264% and 

1.245%, respectively) in alloys C (Fig. 2c) and D (Fig. 
2d), compared to alloys A (Fig. 2a) and B (Fig. 2b), 
results in the formation of more Fe-phases in the 
structure. In the microstructure of alloys, A and C, the 
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iron-rich intermetallic phases are excluded in the nee-
dle-like shapes of varied sizes (Fig. 2a, Fig. 2c). With 
higher iron content, the length and amount of needle-
like Al5FeSi phases increase. In alloys with higher 
manganese content (alloys B and D), the Fe- phases 

preferentially form skeleton-like shapes and Chinese 
script (Fig. 2b, Fig. 2d). The needle-like Al5FeSi phase 
is observed only locally. In alloy D the 
Al15(FeMnMg)3Si2 phase forms large formations. 

 

Fig. 2 Effect of Fe and Mn on the microstructure of experimental alloys, a) alloy A - 0.75 % Fe; b) alloy B - 0.728 % Fe + 
0.402 % Mn; c) alloy C - 1.264 % Fe; d) alloy D - 1.245 % Fe + 0.661 % Mn; etch. H2SO4 

Eutectic silicon in the alloys studied is precipitated 
in the form of rods, which are visible as angular grains 
in the plane of cut (Fig. 2). The marked angular grains 
are found at the boundaries of the α-phase dendrites. 
In the centre of the eutectic, the Si has a rounder 
shape. The shape of the Si particles does not vary from 
alloy to alloy. A change in their shape could be 
achieved by modification with a suitably chosen mod-
ifier or by heat treatment. 

 

Fig. 3 Effect of Fe and Mn on the area fraction of Al5FeSi 
phases in the AlSi7Mg0.6 alloy 

The results of the quantitative assessment of the 
area fraction of the Al5FeSi phase and its length are doc-
umented in Fig. 3 and Fig. 4. Al5FeSi plate/needle-like 
phases are formed in AlSi7Mg0.6 alloys, especially in 
the absence of manganese in the chemical composition 
(Fig. 2a, Fig. 2c).  In alloys B and D, which have been 
doped with manganese to correct the effect of iron, in 
a ratio of about Fe: Mn/2:1, the iron phases in the form 
of plates are precipitated in much smaller amounts (in 
both alloys it is less than 1 % - Fig. 3). At the same time, 
in the absence of manganese, the area fraction of needle 
phases in the structure increases with increasing iron 
content from 2.2 % to 3.5 %.  

The addition of manganese also affects the length of 
the Al5FeSi-phases (Fig. 4). At an iron content of 0.75 
%, the length decreased by about 55 % (from 45.93 µm 
to 20.28 µm), and for an iron content of about 1.25 %, 
a decrease of about 20 % (from 46.39 µm to 37.25 µm) 
was measured. The higher iron content in manganese 
alloyed alloys causes the formation of longer Al5FeSi 
needles. In the case of alloys without manganese (alloys 
A and C), the effect of iron content on needle length is 
negligible (45.83 µm and 46.39 µm). 
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Fig. 4 Effect of Fe and Mn on the length of Al5FeSi 
particles in the AlSi7Mg0.6 alloy 

The effect of iron content on the thickness of 
Al5FeSi phases was also observed. The effect is more 
pronounced in alloys without manganese and with 
higher iron contents. In the case of manganese alloyed 
alloys, this fact does not apply.  

The presence of manganese in alloys B and D sig-
nificantly increases the amount of skeleton-like or 
script-like phases (Al15(FeMnMg)3Si2), which are cre-
ated preferably. Because manganese is only present in 
negligible amounts in alloys A and C, phases with the 
given morphology are not found in the microstructure 
of these alloys - Fig. 2. 

The aim of the immersion corrosion resistance test 
(AUDI test) in a prepared solution (HCl + NaCl + 

water) was to investigate the effect of the iron and 
manganese content in the chemical composition on 
the corrosion resistance of AlSi7Mg0.6 alloys based on 
the mass loss of the samples. Based on the measured 
data (Fig. 5), it can be evaluated that the corrosion 
resistance decreases with increasing iron content. 
Higher weight drops were observed. The correction of 
the negative effect of iron by manganese affects the 
improvement of corrosion resistance. Alloy B, which 
has lower iron content and is also alloyed with 
manganese, has the highest corrosion resistance. The 
highest weight loss was observed on samples of alloy 
C, which has higher iron content in its chemical 
composition and no manganese. 

 

Fig. 5 Effect of Fe and Mn on the corrosion resistance of 
AlSi7Mg0.6 alloy

 

Fig. 6 Effect of Fe and Mn on corrosion attack rate, a) alloy A - 0.75 % Fe; b) alloy B - 0.728 % Fe + 0.402 % Mn; c) alloy 
C - 1.264 % Fe; d) alloy D - 1.245 % Fe + 0.661 % Mn 
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Iron harms corrosion resistance because it forms 
the FeAl3 compound, which breaks the continuity of 
the passive oxide layer. On the other hand, manganese 
has a positive impact thanks to its ability to form 
compounds with iron. It helps to reduce its negative 
effect. 

After the Audi test, uneven pitting corrosion of the 
surface is visible (Fig. 6). An aggressive solution causes 
the dissolution of the passive layer of aluminium. The 
thickness of the passive layer depends on the number 
of inhomogeneities on the surface of the samples. The 

number of structural inhomogeneities on the surface 
increases with higher content of iron (Fig. 6a, Fig. 6c). 

That is the reason the passive layer of alloy C 
(higher iron content with no addition of manganese) 
dissolves the fastest (Fig. 6c). It also means that the 
corrosion has been developed the deepest in alloy C. 
The addition of manganese causes higher resistance of 
the passive layer (Fig. 6b, Fig. 6d). The places where 
corrosion attack has developed are the dark points in 
Fig. 6 and Fig. 7.

 

Fig. 7 Effect of Mn on the corrosion resistance of AlSi7Mg0.6 alloy - detail of pitting corrosion, a) alloy C - 1.264 % Fe; b) alloy 
D - 1.245 % Fe + 0.661 % Mn 

 Conclusion 

Like all aluminium alloys, Al-Si-Mg-based alloys 
have high corrosion resistance. The main reason for 
the good corrosion behaviour is the ability of 
aluminium to form a passive oxide layer on the 
surface. Thanks to the layer, these materials have 
extraordinary corrosion resistance in the atmosphere. 
However, in more aggressive environments 
aluminium alloys are subject to corrosion like other 
metallic materials. 

Fast gravimetric corrosion test (after AUDI test) 
showed that Al-Si-Mg based alloys with higher 
content of iron are more likely to corrode. The 
corrosion develops at the places, where the passive 
layer is breached. Needle/plate-like Al5FeSi phases are 
most likely to be the areas, where the corrosion 
process starts. Pitting corrosion is a dangerous type of 
corrosion because it attacks the material to a great 
depth below the surface. 

The addition of manganese improves the 
corrosion properties of Al-Si-Mg-based alloys by 
elimination of needle-like Al5Fesi phases and by the 
formation of skeleton-like or script-like phases 
(Al15(FeMnMg)3Si2). The increase of corrosion 
resistance due to manganese addition is more 
significant at higher iron content. For secondary 
aluminium alloys, the recommended alloying ratio of 

Mn/Fe is 0.5. While using this ratio, the highest 
corrosion resistance is achieved. 
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