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Abstract

In the present study, microstructure and porosity of AISi7Mg0.3
cast alloy including various amounts (0.123; 0.454 and
0.655 wt. %) of iron were investigated. The alloys were pro-
duced as secondary (scrap-based - recycled). Iron leads to
the formation of complex intermetallic phases during solidifi-
cation, and how these phases can adversely affect mechanical
properties, especially ductility, and also lead to the formation
of excessive shrinkage porosity defects in castings. In order to
determine the effect of iron addition to AlSi7Mg0.3 alloy, opti-
cal and SEM microscopy with EDX were used for microstruc-
tural examinations. Image analysis was conducted in order to
determine effect of the Fe content on phases and porosity. It was
found that increasing Fe content from 0.123 to 0.655 wt. % has
no effect on SDAS but the morphology of Al-Si eutectic became
finer. From EDX examinations, different Fe-based intermetallic
phases (B-Al FeSi and a-Al, (FeMg) Si)) were observed. It was
also observed that as Fe content increased, a-Al,(FeMg) Si,
phases was transformed into Al FeSi and the size and the num-
ber of Al FeSi phases increases. The image analysis results
revealed that porosity values were by increasing Fe content
increased too. We can to predict, that with the increasing amount
of Fe decreasing the mechanical properties (first of all) ductility
(through long B-Al FeSi intermetallic and high porosity).
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1 Introduction

Automotive - chassis, bodies, engine blocks, radiators, hub-
caps, and etc. driven by consumer needs and increasingly tight
regulations, the automobile industry has made ample recourse
to aluminium. A European car today contains on average
100 kg of aluminium, taking advantage of multiple properties
of the materials: lightness (a 100 kg loss of weight reduces
fuel consumption by 0.6 litres/100 km and greenhouse gases
by 20 %), resistance (improved road-handling, absorption of
kinetic energy, shorter braking distance) and recycling (95 % of
the aluminium contained in autos is collected and recycled, and
represents over 50 % of the vehicle's total end-of-life value).
Aluminium coming from recycling can allow 95 % energy sav-
ings and 85 % less CO, emissions compared to primary alu-
minium production. Recycling - aluminium can be recycled
indefinitely without losing any of its intrinsic qualities. This
is a considerable advantage in modern metallurgical industry.
For the past 20 years the proportion of metal consumed that
is recycled has grown steadily and today stands at something
like 30 % of primary metal production (European Aluminium
Association; Schlesinger, 2014; Hurtalova et al., 2013).

The Fig. 1 shows the fraction of world aluminium production
from primary and secondary (recycled) sources. About one-third
of the aluminium produced in the world is now obtained from
secondary sources and in some countries the percentage is much
higher. The process used for recycling aluminium scrap is very
much different from those used to produce primary metal but in
many ways follow the same general sequence. This sequence
begins with mining ore, followed by mineral processing and
thermal pre-treatment and then a melting step. The metal is then
refined, cast into ingots and sent to customers. Aluminium alloys
recyclers also face similar challenges to the producers of primary
aluminium; there is need to produce a consistent alloy with the
required chemistry, reduce the amount of waste generated, min-
imize energy usage and manufacture the highest-quality product
at the lowest possible cost from raw materials of uncertain chem-
istry and condition (Mc Millan et al., 2012; Schlesinger, 2014).

Commercial Al-alloys always contain Fe, often as unde-
sirable impurity and occasionally as a useful minor alloying
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Fig. 1 Aluminium production and percentage from primary and secondary
sources (Schlesinger, 2014).

element. As a minor alloying element, Fe has been used occa-
sionally in Al-Cu-Ni alloys to enhance high temperature
mechanical properties, in Al-Mg alloys to reduce coarsening, in
Al-Fe-Ni alloys to enhance corrosion resistance in steam, and
in high pressure die-cast (HPDC) Al-alloys to facilitate ejection
and to help die-release (Schlesinger, 2014).

Iron is a natural impurity that arises during the manufac-
ture of primary aluminium via the Bayer Process that converts
bauxite (the ore) into alumina (the feedstock) and the subse-
quent Hall-Héroult electrolytic reduction process that converts
alumina into molten aluminium (> 950 °C). Depending on the
quality of the incoming ore and the control of the various pro-
cessing parameters and other raw materials, molten primary
aluminium metal typically contains between 0.02 - 0.15 wt. %
iron, with ~ 0.07 - 0.10 % being average (Schlesinger, 2014;
Kucharikova et. al., 2016).

Secondary Al-alloys (produced from Al-scrap) contains higher
background iron levels than the primary metal. Liquid aluminium
can dissolve iron not only from the scraps, which have a higher
Fe content than the primary metal, but also from unprotected steel
tools and furnace equipment. Secondary alloys, particularly those
destined for high-pressure die casting process, can contain iron
levels up to 1.5 % (Ceschini et al., 2009).

In an amount 0.3 - 0.5 wt. % of Fe, it prevents sticking casting
on the metal mould, increases the strength and in larger quanti-
ties also the heat resistant. At higher contents, as 0.3 - 0.5 wt. %
of Fe, it causes first of all formation of Fe-intermetallic phases
(e.g- ALFeSi) in the form of long, brittle intercepting platelets (or
needles as they appear in the microstructure). These characteris-
tics - brittleness and sharp plate-like morphology can act as stress
concentrators and greatly affect to decrease the strength, ductility
and dynamic fracture toughness of the castings (Seifeddine, 2007,
Samuel et al., 2001; Shabestari, 2004; Ceschini et al., 2009).

The size and density of Fe-based intermetallic phases are
increased with increasing % of Fe, also the dimensions of
the defects and porosity of casting. Moreover, because they
often form during solidification of the eutectic they may affect

castability by interfering with interdendritic feeding and thus
promote porosity (Tillova et al., 2011; Kucharikova et al.,
2016; Samuel et al., 2014; Moustafa, 2009).

The present study is part of a larger research project VEGA
which was conducted to study of secondary Al-Si cast alloys.
The article describes the evaluation of Fe-rich phases in second-
ary AlSi7Mg0.3 cast alloys with amount 0.12 - 0.65 wt. % of Fe.

2 Materials and Methods

As an experimental material was used secondary (scrap-based
- recycled) AISi7Mg0.3 cast alloy with different percentage of
iron (0.123; 0.454 and 0.655 wt. %). Chemical compositions of
the experimental alloys composition was carried out by using
arc spark spectroscopy and are given in Table 1. AlSi7Mg0.3
alloy has a good casting properties, very good machining, wear
resistance and low thermal expansion. These Al-alloys have the
widest application in mechanical engineering, cable car compo-
nents, hydraulic and engine castings, mould constructions and
etc. (Peter et. al., 2011; Tillova and Chalupova, 2009). Test bars
(9 20 mm with length 300 mm) were produced by process sand
casting in foundry Zator, Ltd. Czech Republic. Sand casting is
the simplest and most widely used casting method. The melt
was not modified or refined. We used casted bars without any
heat treatment (in as cast state).

Table 1 Chemical composition of AISi7Mg0.3 (wt. %) with different % of Fe

alloy Si Zn Cu Fe Mg Ti
A 7.028 0.036 0.013 0.123 0.354 0.123
B 7.340 0.020 0.021 0.454 0.302 0.118
C 7.315 0.028 0.030 0.655 0.292 0.118

In alloys A-C: Mn (0.009); Ni (0.002); Cr (0.002); Bi (0.0003);
Sb (0.0007); Al (rest)

Metallographic samples (2 cm x 1.5 cm) were sectioned from
the casted test bars and standard prepared for metallographic
observations such as - wet ground on SiC papers, DP polished with
3 um diamond past followed by Struers Op-S, etched by 0.5 %
HF or H,SO, (for helping the highlighting of Fe-intermetallic
phases) (Tillova and Chalupova, 2009). Some samples were
also deep-etched for 30 s in HCI solution in order to reveal the
three-dimensional morphology of the silicon phase (Hurtalova et
al., 2013). The specimen preparation procedure for deep-etching
consists of dissolving the aluminium matrix in a reagent (36 %
HCI) that will not attack the eutectic components or intermetallic
phases. The residuals of the etching products should be removed
by intensive rinsing in alcohol. The preliminary preparation of the
specimen is not necessary, but removing the superficial deformed
or contaminated layer can shorten the process.

The microstructure of experimental casts was studied using an
optical microscope (Neophot 32) and scanning electron micro-
scope (SEM) TESCAN VEGA LMU. To determine the chemical
composition of the intermetallic phases was employed SEM with
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EDX analyser BRUKER QUANTAX. Quantitative metallogra-
phy was carried out on an Image Analyzer NIS Elements 4.2 to
quantify porosity and Fe-phases. In order to minimize statistical
errors in the determinations, 25 micrographs for each specimen
were assessed; a relative error of less than 0.05 was sought.

Hardness was measured by Brinell hardness tester with a
load of 250 kp (1 kp =9.81 N), 5 mm diameter ball and a dwell
time of 10 s (HBW 5/250/10). Five, at least, hardness mea-
surements were taken for each specimen. The micro-hardness
measurements of a-matrix and eutectic were performed using
Vickers microhardness testing machine ZWICK/Roel ZHp
with the evaluation software ZWICK/Roel ZHu/HD under a
2 g load for 10 s (HV 0.02) on metallographic samples. The
evaluated HV 0.02 reflect average values of at least ten mea-
surements on each structural parameter.

3 Results and Discussions

If the iron is present in Al-Si alloys, it is usually as the mono-
clinic/orthorhombic B-AlFeSi phase. This compound tends to
form thin platelets (that appear as needles in section), which are
very hard and brittle and have a relatively low bond strength
with the matrix. Al ,FeSi needles are more unwanted, because
adversely affect mechanical properties, especially ductility.

The deleterious effect of Al .FeSi phase can be reduced by
increasing the cooling rate, superheating the molten metal,
or by the addition of a suitable "neutralizer" like Mn, Co,
Cr, Ni, V, Mo and Be (Moustafa, 2009; Bolibruchova and
Zihalova, 2013). The most common addition has been Mn.
Excess Mn may reduce AL FeSi phase and promote formation
Fe-rich phases Al (FeMn),Si, (known as alpha- or a-phase)
in form "skeleton like" or in form "Chinese script" (Tillova
and Chalupova, 2009; Tillova, et al., 2011; Borko et al., 2016;
Taylor, 2004; 2012). If Mg is also present with Si, a pi-or
n-phase Al,Fe,Mg Si, and script-like Mg,Si can form.

The microstructure (Fig. 2, Fig. 3) of recycled AlSi7Mg0.3
cast alloys with different amount of iron consists of
dendrites a-phase (white - 1), eutectic (mixture of a-matrix
and spherical dark grey Si-phases - 2) and various types of
intermetallic phases (3-5).

The a-matrix precipitates from the liquid as the primary
phase in the form of dendrites and is nominally comprised of
Al, Si and Mg. The different Fe- and Mg-rich intermetallic
phases are concentrated mainly in the interdendritic spaces.
These Fe- and Mg- intermetallic phases were identified by
combination of the EDX results and light microscopy observa-
tion (morphology and different colors after etching).

It was found that increasing Fe-content from 0.123 to
0.655 wt. % has no significant effect on SDAS (Secondary
Dendrite Arm Spacing) but the morphology of Al-Si eutectic
became finer (Fig. 2).

The ecutectic silicon appears as fibbers with a round
cross-section (Fig. 2, a-c, on SEM). The 3-D form bars

L {
100 pm

¢) 0.655 % Fe
Fig. 2 Microstructure of experimental AISi7Mg0.3 alloy, etch. 0.5 % HF;
morphology of eutectic silicon, deep etch. HCI, SEM

corresponds with metallographic sections (Fig. 3), i.e. bunchy
in the middle of the arrangement prevailing fine round bars
and outwards, increased incidence of so called plate-like type
with typical hexagonal shape can be observed as well, what is
characteristic for the unmodified alloys.

Iron has a very low solid solubility in Al-alloy (maximum
0.05 % at equilibrium Fe . » 0.075 x (% Si) - 0.05), and most of
iron form a wide variety of Fe-containing intermetallic depend-
ing on the alloy composition and its solidification conditions
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(Tillova et al., 2011; Taylor, 2012; Rana et al., 2012). In accor-
dance with Taylor, the two main types of Fe-rich intermetallic
phases: Al.FeSi (dark gray or black phase) and Al (FeMn),Si,
(script-like light grey phase) were observed (Fig. 3). The ternary

a) 0.123 % Fe

b) 0.454 % Fe

¢) 0.655 % Fe
Fig. 3 Effect of iron on Fe-rich phases (1 - a-matrix; 2 - eutectic; 3 - AL,FeSi;
4 - Al (FeMg),Si,; 5 - Mg, Si), etch. 0.5 % HF

eutectic reaction (L — a + Si + ALFeSi) occurs at 576 °C and
the maximum Fe-content to avoid the formation of primary
B-AlFeSi is therefore rather low. ALFeSi phases precipitates
already with content 0.123 % Fe in the interdendritic regions
as platelets (needle like form when observed via microscope).
Thickness of these platelets after deep etching was measured
from 2 up to 5 um (Fig. 4).

Al FeSi platelets have been suggested as a possible nucleant
for eutectic Si (Lu and Dahle, 2005). a-Al dendrites nucleate
at the liquidus temperature, this is followed by the evolution of
Fe-based AlFeSi phase at some temperature between the lig-
uidus and eutectic temperature depending on the iron concen-
tration. On further cooling to the eutectic temperature, eutec-
tic silicon nucleates on these Al,FeSi compounds ahead of the
growing dendrites and grows as flakes into the liquid (Nafisi et
al., 2008). This argument is based on the Al,FeSi-detail obser-
vation after deep-etching (Fig. 4) that this phase was found to
coexist and occur in close contact with eutectic Si.

Because in experimental material was not satisfied condi-
Mn = 2 : | (Taylor, 2012), Fe-rich phases in posi-
tive compact skeleton-like or in Chinese script form (phase

tion Fe :

Al (FeMn),Si,) were observed very sporadically and predomi-
nantly in alloy A (0.123 % Fe). Dominant is needle-like Al .FeSi
phase. For all three alloys, the Mg,Si phase with a black script-
like morphology was also observed (Fig. 3a).

Itis possible to observe that size and geometry of Fe-rich phases
very depending on iron content. It was observed that in alloys A,
B and C, the amount, size, and thickness of iron-based B-Al,FeSi
were found be increased (Fig. 3 and Fig. 5). Due to increasing
iron content (from 0.123 to 0.655 wt. %), it was observed that
average lengths of Al.FeSi needles increased from 28.19 pm to
53.37 um and needles became thicker (Fig. 5a - Fig. 5¢).

SEM HV: 30.00 kv
View field: 108.6 um
WD: 2523 mm

chmkmi
Det: SE Detector
SEM MAG: 2.00 kx

VEGAW TESCAN
”

20 pm u
Diaital Microscopv Imaging

Fig. 4 Detail of morphology of plate-like Al,FeSi phase with crystallization of
silicon, deep etch. HCI, SEM
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As indicated from Table 2, the maximal length of the needles
is remarkably increased as the iron is increased (up to 90 %).
Sporadically were found in alloy with 0.655 % of iron nee-
dles ALFeSi long more as 231 pm. It was also observed that
as Fe content increased, o-Al (FeMg),Si, phases was trans-
formed into Al.FeSi. These results are in agreement with the
works (Samuel et al., 2001; Moustafa, 2009). The total results
(in average) of the quantitative evaluation of Fe-needles phases
are shown in the Table 2.

/

J

Length = 37,27 ym

a) 0.123 % Fe

Langlh 40 57 um

/
La h = 61,68
"“t . / Length = 31,38 ym

/ Length = 17,17 pm
Length = 36,21 ym
Length = 53,45 ym

Length = 83,33 ym

b) 0.454 % Fe

lenght = 18,15 um

Iulmht 41 07 pm

lenght = 155,12 ym

ght =57,76 um

¢) 0.655 % Fe
Fig. 5 Effect of iron on needle-like AL FeSi phase, etch. H,SO,

hnght 191 57 pm

/

Table 2 Influence of iron on length of Fe-needle like phases

wt. % of Fe
0.123 0.454 0.655
the average length of
28.19 43.55 53.37
Fe-needles, pm
the maximum length of
73.67 183.98 231.8

Fe-needles, pm

Porosity is one of the major factors that influence the
mechanical properties. Fig. 6 illustrates the SEM macrographs
of sectioned surfaces for different investigated alloys.

Porosity in experimental alloys A-C was observed directly
proportional with Fe %. At a low iron content of iron (0.123
and 0.454 wt. %) in Fig. 6a, Fig. 6b sponge-like pores were
observed first of all in the centre of the casting. Increasing Fe
content from 0.123 to 0.655 wt. %, the casting shows a similar
level of porosity (cca 1 - 1.5 % - Table 3), but distributed across
a wider area (Fig. 6¢) and locally there are large pores at the
edge of the casting. Results of total porosity are in agreement
with EN 1706 (www.raffmetal.com).

Table 3 Influence of iron on porosity

wt. % of Fe
0.123 0.454 0.655

Shrinkage porosity, % 1 1.5 1.5
the average pore sizes,

20878 16 031 18 788
pm
the maximum pore

125723 125 066 219 627

sizes, pm

Differences in the average pore sizes between alloys A-C
was observed minimal (Table 3). Due to increasing iron con-
tent (from 0.123 to 0.655 wt. %), it was observed that average
pore sizes gently decreased from 20 878 pm to 18 788 um, but
with increasing iron content maximal pore size increased (from
cca 125 723 um to 219 627 pm). The increment reaches up to
74 %. Whereas the influence of Al .FeSi needles on mechanical
properties is negative, important are results of maximum pores
sizes. Large iron rich needles which form early in the solidifi-
cation process, tend to the formation of shrinkage porosity by
blocking the interdendritic feeding channels.

Table 4 show the effect of Fe % on the hardness and micro-
hardness. Brinell hardness of A-alloy (0.123 % Fe) was 49
HBW and is in agreement with EN 1706 (www.raffmetal.com).
As can be seen, addition of Fe results in increase of Brinell
hardness up to 4 and 8 %. The effect of iron on hardness can
be described by the size and volume fraction of brittle and hard
Al FeSi phase which are increased with iron content.

The results of microhardness test were supported by
the microstructure images. Microhardness of o-matrix is
with increasing iron content similar (cca 40 HV 0.02), but
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SEM HV: 30.00 kV chmkmi VEGAW TESCAN
View field: 18.83 mm  Det: SE Detector [
WD: 24.98 mm SEM MAG: 12 x

Digital Microscopy Imaging n

a) 0.123 % Fe

SEM HV: 30.00 kV chmkmi VEGAW TESCAN
View field: 18.83 mm  Det: SE Detector 5 mm [
WD: 24.98 mm SEM MAG: 12 x

b) 0.454 % Fe

Digital Microscopy Imaging n

chmkmi VEGAWN TESCAN
Det: SE Detector 7

AR e —————"

¢) 0.655 % Fe

Fig. 6 SEM macrographs of the cross-section samples - effect of iron

on porosity distribution, etch. 0.5 % HF

microhardnes of eutectic with increasing iron content increased
from 48 HV 0.02 to 58 HV 0.02 (probably because of the higher
number and thickening of the hard Al .FeSi phases).

Table 4 Influence of iron on hardness and microhardness

wt. % of Fe
0.123 0.454 0.655
HBS 5/250/10 49 51 53
HV 0.02 (in o-matrix) 40 39 40
HV 0.02 (in eutectic) 48 49 58

4 Conclusion
Addition of iron to secondary (recycled - scrap-based)
AlSi7Mg0.3 cast alloy showing results:

* Inexperimental alloys were the two main types of Fe-rich
intermetallic phases (needle-like ALFeSi and script-like
Al (FeMn),Si,) and script-like Mg,Si phase identified.

e The volume fraction of Fe-rich intermetallic phases in-
creases as the iron content increases. This increase has
been found to be a result of size and the number of nee-
dle-like AlFeSi-phase.

* The increasing amount of iron has no effect on SDAS but
the morphology of Al-Si eutectic became finer.

* A higher percentage of iron occurred to the progressive
lengthening (on average) of a needle-like Fe-phase from
28.19 um (alloy with 0.123 % Fe) to 53.37 um (alloy
with 0.655 % Fe). Sporadically were observed in al-
loy with 0.655 % of iron needles long more as 231 pm.
Al (FeMg),Si, phases was transformed into Al FeSi.

* Due to increasing iron content (from 0.123 to 0.655 wt. %),
it was observed that average pore sizes gently decreased,
but maximal pore size increased (up to 74 %).

*  We can to predict, that with the increasing amount of Fe
decreasing the mechanical properties (first of all) ductility
(through long B-AlFeSi intermetallic and high porosity).

e Addition of Fe results in increase of Brinell hardness;
microhardness of o-matrix is similar and microhardnes
of eutectic increased probably due to occurrence of the
higher volume of Al FeSi phases.
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