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Abstract
Due to the high demand for secondary alloys in the automotive and aerospace industry, this work investigates 
the effect of higher iron content on the quality of AlSi7Mg0.6 sand castings. Secondary-recycled Al-Si alloys 
contain an increased amount of impurities due to their remelting of scrap metal. One of the most unwanted im-
purities found in these alloys is iron. Iron leads to the formation of various Fe-rich intermetallic phases, whose 
morphology influences the mechanical properties even at low Fe content. It also promotes the formation of cast-
ing defects, such as porosity and shrinkage. The formation of porosity in secondary Al-alloys is another major 
aspect that can affect the final properties of castings. Since these materials are mainly used to produce castings 
for the automotive industry, such as engine blocks, cylinder heads, and so on, it is necessary to produce castings 
without any defects. Therefore, the quality of AlSi7Mg0.6 sand casting is investigated at lower iron content 
(0.128% wt. Fe) and compared to the higher iron content (0.429% wt. Fe), whereby a correlation between iron 
content and porosity is monitored.

Introduction

Nowadays, the automotive industry has a key 
role in the economy of developed countries. Regard-
ing the latest trends in automobile manufacturing, 
the main priority is to implement the principles of 
lightweight construction to meet customer demands, 
reduce gas emissions and fuel consumption, and 
optimize mechanical performance. For these rea-
sons, it is necessary to perfectly match the choice 
of materials to the operating life of the components 
(Tisza & Czinege, 2018; Bogdanoff et al., 2021).

The environmental and economic advantag-
es of secondary-recycled aluminum alloys make 
them the best candidate materials for various appli-
cations in different industries, such as automotive, 
construction, aerospace, etc. Secondary Al-alloys 
are made from aluminum scrap and recyclable alu-
minum waste by recycling. Aluminum can be recy-
cled repeatedly without loss of its properties. The 
high value of aluminum scrap is a major incentive 
and economic impetus for recycling. Remelting the 
Al-recycled material saves almost 95% of the ener-
gy consumption required to produce primary-ore 
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aluminum, thus avoiding corresponding emissions, 
including greenhouse gases as depicted in Figure 1 
(Song et al., 2022; Tillová, Chalupová & Kuchari-
ková 2012).

Al-Si-based alloys are the most widely used 
types of foundry Al-alloys. The quality of secondary 
Al-Si alloys is considered a key factor in alloy selec-
tion casting for a specific engineering application. 
Due to lightweight, fluidity, castability, fabricabili-
ty, high strength-to-weight ratio, low density, good 
corrosion resistance, etc., castings from secondary 
Al-alloys have applications in a wide range of indus-
tries. However, their use in the transport sector has 
become increasingly rapid (Figure 2). Heat-treatable 
Al-Si-Mg alloys, in particular, are widely used to 
produce automotive castings such as cylinder blocks, 
steering knuckles, cylinder heads, valve lifters, pis-
tons, and so on (Tillová, Chalupová & Kuchariková, 
2012; Svobodova, Lunak & Lattner, 2019; Kucha-
riková et al., 2020; Abdelaziz et al., 2022; Li et al., 
2022).
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Figure 2. Aluminum content in European vehicles (EAA/
OEA, 2006)

Improving the mechanical properties and struc-
ture of Al-alloys can increase the life of the casting. 

To achieve optimal mechanical properties, various 
elements such as Ni, Mg, Cr, Mn, and Zn are added to 
the melt. However, the unavoidable elements that act 
as impurities seriously reduce the complex mechan-
ical properties of secondary Al-alloys. A significant 
problem with many of the unavoidable co-elements 
is the complicated process of eliminating their neg-
ative effects on Al-Si-Mg alloys. In most cases, they 
cannot be removed under foundry conditions. There-
fore, their content needs to be reduced to an accept-
able limit (Farkašová, Tillová & Chalupová, 2013; 
Bacaicoa et al., 2019; Song et al., 2022).

Due to the increasing production of secondary 
Al-castings, it is necessary to ensure strict metal-
lurgical quality control (Farkašová, Tillová & Cha-
lupová, 2013; Hirsch et al., 2022). This is because 
the quality of this casting is influenced by the higher 
presence of Fe. The recycling process leads to an 
accumulation of Fe from impurities in bauxite ore 
and from contamination of scrap aluminum by fer-
rous metal. Fe cannot be easily removed from the 
melt by conventional foundry treatment; only dilu-
tion seems to be practical, via an uneconomical 
method to reduce its Fe content in the alloy. Fe is 
also the most harmful impurity in recycled Al-Si 
alloys with low solubility in Al-alloys, formed as 
an intermetallic phase. Among the Fe-rich phases, 
the most significant in Al-Si-Mg alloys are the  
β-Al5FeSi (β-Fe) and α-Al15(FeMg)3Si2 (α-Fe) 
phases. The β-Fe phase is very harmful due to its 
three-dimensional platelets or fragile two-dimen-
sional needle-like morphology. It is well-known that 
the presence of the Fe-phase affects the increased 
formation of porosity and shrinkage due to the large 
Fe-needles preventing the melt flow, which causes 
the presence of shrinkage pores. In addition, the 
investigation by Brueckner-Foit et al. (Brueckner- 
Foit et al., 2017) proved the damage mechanism in 
a secondary alloy of shrinkage pores, found on the 
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Figure 1. Greenhouse gas emissions of primary aluminum production and recycling process (World Aluminum, 2015)
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inner side of the specimen, acted as primary crack 
initiation sites. 

Many authors reviewed techniques to neutral-
ize the detrimental effects of Fe by the addition 
of elements such as Mn, Co, Cr, Be, and Sr. Mn 
is a widely used element to remove the harmful  
Al5FeSi phase. Mn addition of up to half the amount 
of Fe leads to the formation of a less harmful shape 
α-(Al15(Fe,Mn)3Si2), with a skeleton-like or Chi-
nese-script-like morphology that does not initiate 
cracks (Taylor, Caceres & Crepel, 2008; Bacaicoa et 
al., 2019; Svobodova, Lunak & Lattner, 2019; Tillo-
vá et al., 2019; Song et al., 2022).

Unfortunately, Al-Si-Mg alloys are susceptible 
to extensive porosity, not only for higher Fe content 
but also due to the decreasing solidification rates in 
sand molds. Unlike alloys cast into metal molds that 
quickly solidify and refine dendritic cells owing to 
their excellent ability to transfer heat. Another disad-
vantage of sand molds is that castings made in metal 
molds are usually more ductile than those made in 
sand molds (Mae et al., 2008; Kasala et al., 2011; 
Davor, Špada & Ilkic, 2019; Fiocchi, Biffi & Tuissi, 
2020; Reyes et al., 2020).

Since a high amount of Fe can negatively affect 
the quality of aluminum castings by forming poros-
ity, it is imperative to minimize its content and, 
thus, reduce its negative impact because porosity is 
still the most critical problem. Therefore, this study 
investigates the quality of AlSi7Mg0.6 sand casting 
with a consideration of structural defects caused by 
different Fe content.

Experimental material and procedures

An experimental material was used: secondary 
AlSi7Mg0.6 (EN AC 42 200, A357) cast alloy pro-
duced by Uneko Ltd., Czech Republic. Three alloys 
were cast with different Fe content: A (0.128% wt. 
Fe) and B, C (0.429% wt. Fe). The addition of Mn 
(0.149 wt. %) was intentionally added to alloy C 
in the form of a pre-alloy AlMn75, with the aim of 
investigating the Mn effect on structural compo-
nents. From the alloys (A, B, C) were cast experi-
mental bars with dimensions ϕ20 mm and length of 
300 mm, into sand molds by a gravity casting meth-
od. The casting temperature was 750°C, and the 
refining temperature was 740–745°C. The ECOSAL 
AL 113S salt was used as a refining salt. Experi-
mental bars were heat-treated according to the T6 
method. The heat treatment of T6 was carried out at 
UNEKO, s.r.o. and consisted of a dissolution anneal-
ing at 530°C ± 5°C with a holding time of 7 hours. 

Rapid cooling to 50°C was then followed by artifi-
cial aging at 160 °C for 6 hours. The chemical com-
position of the experimental alloys, according to the 
delivery list, is shown in Table 1.

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

Alloy Si Fe Cu Mn Mg Ti
A 6.742 0.128 0.012 0.046 0.519 0.108
B 7.097 0.429 0.013 0.044 0.466 0.119
C 6.881 0.429 0.011 0.149 0.596 0.103

In alloys: Ni (< 0.002), Cr (< 0.002), Pb (< 0.005),  
Sn (< 0.003), Na (< 0.006), Sr (< 0.002), Al (rest) 

The experimental alloy AlSi7Mg0.6 is common-
ly heat-treated to improve its strength properties. 
After heat treatment, it becomes one of the strongest 
sand-cast secondary Al-Si-Mg alloys, widely used to 
produce frames, brackets, housings, and other auto-
mobile parts.

Samples used for metallographic evaluation 
were cut from the experimental bars using an MTH 
MICRON 3000 automatic saw with water cooling 
applied to avoid heating effects and deformation of 
the microstructure. After the cutting, the samples 
were prepared by standard metallographic proce-
dures (wet-ground on SiC papers, polished by a Stru-
ers Op-S, and etched by 0.5% HF and 95% H2SO4 to 
highlight the Fe-rich phases). After each operation, 
the samples were rinsed with warm water, ethanol, 
and then dried with hot air.

Prepared samples were observed by using an 
optical microscope Neophot 32 and a scanning elec-
tron microscope (SEM) VEGA LMU II. A quanti-
tative analysis was performed by using the image 
analyzer NIS Elements 4.0 to numerically evaluate 
porosity and the size of the pores. The resulting aver-
age values were calculated from a minimum of 15 
measurements.

Results and discussion 

The representative microstructures of experimen-
tal A, B, and C alloys are shown in Figure 3, which 
corresponds to the typical hypoeutectic microstruc-
ture consisting of primary α-Al dendrites, eutectic 
(mixture of α-matrix and spherical grey Si-parti-
cles), and intermetallic Fe- and Mg-rich phases, pri-
marily concentrated in the inter-dendritic areas. The 
needle-like Al5FeSi phase was present.

Increased Fe content leads to the formation of 
longer Fe phases in the form of plates/needles in 
alloy B compared to alloy A. Therefore, it is con-
firmed that, with increasing Fe content, the presence 
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of Fe needles and their length ascend as well. With 
the increased amount of Mg in alloy C, it was pos-
sible to also observe the intermetallic phase Mg2Si 
intermetallic phase in the form of fine spheroidized 
black particles (depicted in Figure 3c). From Fig-
ure 3, it can be proved that the addition of Mn into 
alloy C has a positive effect on the transformation 
of needle-like Al5FeSi into a less harmful skeletal 
Al15(FeMn)3Si2 intermetallic phase. Additionally, it 
can be observed that the heat treatment led to the 
spheroidization of the eutectic silicon, which is not 
in the form of plates (Kucharikova, Tillová & Cha-
lupová, 2016) but in the form of spheroidized parti-
cles (Figure 3).

From the average porosity results in Table 2, for 
alloy C, in which Mn was intentionally added, the 
area fraction of the pores was the largest. The largest 
average pore sizes were also measured in alloy C. 
The smallest average pore sizes were in alloy A, with 
the lowest Fe content, and their size increased with 
a growth in the Fe content. These results correlate 
with the research of Taylor et al. (Taylor, Caceres 
& Crepel, 2008), who investigated the effect of Mn 

in a higher Fe-alloy on the porosity of castings; they 
concluded that the presence of Mn does not guar-
antee an improvement in the porosity. Manganese 
appears to reduce the higher amount of porosity 
associated with an increased Fe content, primari-
ly in Cu-containing Al-Si alloys or at the correct  
Fe/Mn = 2/1 = 0.5 ratios (Table 2). Increased poros-
ity in alloy C (Table 2), with the addition of Mn, is 
possibly related to the low Mn content added to the 
correction of the β-phase, displayed in Table 1.

The evaluation of the porosity and pore sizes 
show that the pores are in close contact with the 
Al5FeSi needles, shown in Figure 4. This pore for-
mation confirmed the investigations of Puncreobutr 
et al. (Puncreobutr et al., 2014) and Brueckner-Foit 
et al. (Brueckner-Foit et al., 2017) that Fe-needles 

	 	 	  
	 a)	 b)	 c)

Figure 3. Microstructure of AlSi7Mg0.6, etch. 0.5% HF: a) alloy A, b) alloy B, and c) alloy C

	 	 	  
	 a)	 b)	 c)

Figure 5. Macrographs of the cross-section of the AlSi7Mg0.6 alloys etch. 0.5% HF: a) alloy A, b) alloy B, and c) alloy C

Table 2. Iron impact on the average porosity and pore sizes

AlSi7Mg0.6 Porosity  
[%]

Average pore size  
[µm2]

Fe/Mn  
ratio

Alloy A 2.4 47 072 0.36
Alloy B 3.7 81 720 0.10
Alloy C 4.5 96 972 0.34

1622.64 μm2

363.33 μm2

518.37 μm2

50 μm

Figure 4. Pore formation surrounding the Al5FeSi needles in 
an AlSi7Mg0.6 alloy B, etch. H2SO4
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are surrounded by pores and act as nucleation sites 
for porosity. Therefore, the alloy with the highest 
content of Fe (i.e., alloy C) has the highest porosity.

The SEM surface macrographs are in Figure 5; 
it shows the distribution of the pores of the investi-
gated alloys. The porosity in the experimental alloys 
A, B, and C was observed to be directly proportional 
to the % Fe. In alloy A, with 0.128 wt.% Fe (Figure 
5a), sponge-shaped pores were observed mainly in 
the center of the casting. For alloys B and C with 
0.429 wt.% Fe, the pores appeared to be distributed 
over a larger area (Figure 5b, c) and locally large 
pores are found at the edge of the casting.

Summary and conclusion

The results of the quantitative analysis proved the 
impact of iron on the quality of sand castings from 
AlSi7Mg0.6 alloy as follows:
•	 The quality of experimental alloys is significant-

ly affected by Fe-rich phases, which promote the 
formation of casting defects such as shrinkage  
pores.

•	 In experimental alloys A, B, and C, mainly Fe-rich 
intermetallic phases were present, the needle-like 
β-Al5FeSi. Another type of Fe-rich phase, skele-
tal, or Chinese script-like α-Al15(FeMn)3Si2 phase 
was also present in alloys B and C. In all the 
alloys, the Mg2Si phase was identified in the form 
of fine spherical particles.

•	 With increasing Fe content, both the porosity and 
the average pore size grow, most of the pores 
being surrounded by Fe-rich phases.

•	 The addition of Mn positively affects the trans-
formation of needle-like β-Al5FeSi to skeletal 
α-Al15(FeMn)3Si2. On the other hand, Mn nega-
tively affects the porosity in alloy C (0.429 wt.% 
Fe). With the addition of 0.149 wt.% Mn, both the 
porosity and the average pore size significantly 
increased, probably due to the low Mn content 
added for the correction of the β-Al5FeSi.
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