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Abstract

This article attempts to answer the question of which theory of porosity formation in Al-Si alloy castings is correct? The one that suggests
shrinkage porosity results from the presence of plate-like B-AlsFeSi phases in the alloy, or the one that porosity is caused by thin, double-
layer oxide films? The study was conducted on an AlSi7Mg alloy with an increased content of secondary materials (from 45% to 65%),
gravity cast at low pressure (up to 0.15 MPa). It was shown that the main factor that determines the causes of shrinkage porosity in aluminium
alloys is the method of delivering the liquid metal to the mould cavity. The microstructure examination results of the gravity-cast AISi7Mg
alloy showed that, with increasing iron content, the quantitative fraction of the B-AlsFeSi phase increases, and their length grows from
approximately 40 um (at 0.4 wt.% Fe) to about 700 pm (at 0.8 wt.% Fe). Under such conditions, the dominant cause of shrinkage porosity
in castings is the b-Fe phase, whose unfavorable morphology blocks the interdendritic alloy flow channels. This results in decreased
permeability between dendrites o(Al), and consequently increased casting porosity. In pressure castings, the proportion of B-Fe phases is
negligible (length up to approximately 30 pum). Numerous oxides were found in close proximity to shrinkage pores. After solidification of
the AISi7Mg alloy, these air "gaps" constitute pores that are not associated with -Fe phases. Therefore, it can be concluded that in pressure
castings, thin oxide films ("bifilms") are a more significant cause of shrinkage porosity than the 3-Fe phases.

Keywords: Al-Si cast alloys, Shrinkage porosity, Microstructure of Al-Si alloys, Iron phases, Double-layer oxide films

. structures, and sizes, among which the most undesirable is [-
L. Introduction AlsFeSi (the so-called B-Fe phase) [7-9]. Due to its low coherence
with the matrix and its large size, it increases the brittleness of the
alloy, hinders machining of castings, and reduces tensile strength
[10, 11]. Additionally, the plate- or needle-like morphology of the
B-Fe phase worsens the fluidity, ductility, and corrosion resistance
of aluminium alloys [12]. Another important cause of reduced
mechanical properties in cast aluminium alloys is porosity.
According to studies [13], an increase in porosity by about 3-4%
causes a decrease in tensile strength Rm by approximately 40%. The
formation of porosity in aluminium and its alloys is caused by the
combination of two processes [14-16]:

Iron is the most common and one of the most harmful impurities
present in Al-Si alloys cast from secondary materials. Its influence
on mechanical properties, especially ductility is particularly
negative when it exceeds about 0.4 wt.% (for gravity-cast alloys)
[1, 2] and 1.6 wt.% (for high-pressure die castings) [3-5]. This
occurs because iron has very low solubility in the a(Al) solid
solution (from 0.052% at 655°C down to 0.0052% at 450°C) [6].
For this reason, it shows a strong tendency to combine with other
elements, forming intermetallic phases of various stoichiometries,
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o  the contraction of the metal during cooling of the casting,
which causes a pressure drop in the liquid phase within the
growth zone of a(Al) dendrites - Darcy’s law [17],

o  the dissolution and segregation of gaseous species(oxides,
sulfides, nitrides), and particularly hydrogen, in the metal
bath, occurring with varying intensity [18-20].

When the gas concentration reaches the solubility limit,
decreasing with pressure and temperature micropores nucleate.
These processes (homogeneous or heterogeneous) are well known
and described in the literature [21-23]. These studies show that pore
nucleation is mainly caused by the contact of the liquid alloy with
the mould walls, by inclusions, and by the presence of gas bubbles.
The chemical composition of the alloy is also important. Copper,
silicon, and zinc decrease porosity; chromium, cobalt, manganese,
and molybdenum have little effect on porosity; and magnesium,
lithium, and titanium slightly increase porosity [24].

The type of casting process (gravity or pressure die casting) and
its parameters also play an important role in the occurrence of
porosity in castings, including:

o the superheating temperature of the liquid alloy above Tiiq,

o the solidification front velocity and temperature gradient,

o the solidification interval (Tiq—Tso1) and solidification time,

o refining and modification processes (e.g., with strontium or
titanium with boron or phosphorus).

The influence of these factors on porosity is well known and
widely described in the literature [25-28]. The reduction of gas
porosity in aluminium alloys is also well documented [14, 16].
Much greater concerns arise when attempting to determine the
relationship between shrinkage porosity and the presence of
morphologically unfavorable iron phases in the alloy, mainly the -
AlsFeSi phase. In general, there are two groups of theories
explaining the causes of porosity formation.

The first is based on the presence of brittle, plate-like B-Fe
phase precipitates in Al-Si alloys, especially when the iron content
exceeds about 0.4 wt.% Fe. These phases particularly when they
crystallize as primary phases block the interdendritic channels
through which the melt flows, and at high Fe contents they also
promote the nucleation of eutectic silicon crystals. This reduces the
permeability between the a(Al) dendrites, especially the secondary
ones, and consequently increases the porosity of castings [29-31].

The second theory concerns the presence of thin, two-layered
oxide films, which adopt a spherical or flattened shape during
casting. This is caused by turbulent metal flow, which leads to their
entanglement and folding. These films, called "bifilms" by
Campbell [32], have a high sintering temperature (~1900 °C) and
poor wettability, especially on their folded, rough surfaces, and
remain unbonded to other constituents, forming voids in the liquid.
After metal solidification, these air ‘fissures’ form pores that are
not connected to B-Fe phases. The formation of bifilms in Al-Si-
Mg cast alloys has been described in studies [33].

The analysis of the considerations indicates that these theories
are sometimes contradictory and do not fully explain the
relationship, particularly the quantitative relationship between the
B-Fe phase and/or oxide films and porosity. On this basis, it is
justified to undertake further studies aimed at clarifying the causes
of shrinkage porosity formation in Al-Si alloy castings with an
increased share of charge scrap. This will contribute to a better

understanding of the potential influence of B-Fe phases on porosity,
or the lack thereof.

2. Scope and objectives of the study

The aim of the study was to determine the effect of iron content
on shrinkage porosity in gravity and low-pressure castings
produced from the AISi7Mg alloy with an increased share of charge
scrap. At the same time, the study sought to answer the following
question: which of the theories explaining porosity formation in
castings made from secondary Al-Si alloys is valid? Is it the theory
that assumes shrinkage porosity results mainly from the presence
of platelet-shaped p-Fe phases, which hinder the flow of the liquid
alloy during solidification, or the one according to which porosity
formation is caused solely by thin, double-layer oxide films?

To achieve this objective, the scope of the research included:

o  the analysis of the chemical composition of AlSi7Mg alloy
samples with increasing iron content, cast either by gravity
casting — GC or by low-pressure casting — LPC (up to 0.15
MPa),

o microstructural investigations including quantitative and
qualitative analyses of the presence of B-Fe phase precipitates
in the alloy and the fraction of shrinkage porosity.

3. Research materials and methodology

The presented literature review shows that the main factor
determining the causes of shrinkage porosity formation in
aluminium alloys is the method by which the liquid metal is
delivered to the mould cavity. Therefore, the same alloy was cast
both gravitational and low pressure, and the fraction of the f3-
AlsFeSi phase and shrinkage porosity in both types of castings was
compared. A commercial AlSi7Mg alloy with increasing iron
content, used for gravity and pressure castings mainly in the
automotive and aviation industries, was selected for the study. The
increase in Fe content is due to the higher share of secondary charge
materials (from 45% to 65%), which consist of circulating scrap
both in-house and purchased from other aluminium foundries. The
scrap quality was selected to obtain the expected iron content.
Five samples with an iron content from 0.4 wt.% Fe (GC1) to 0.8
wt.% Fe (GCS5) were gravity cast into a metal mould, and five
samples with an iron content from 0.8 wt.% (LPC1) to 1.2 wt.%
(LPCS5) were low pressure cast (Fig. 1) on a Kurtz ND-GM B47
casting machine, with an average pouring velocity of
approximately 0.04 m-s™'. The castings were produced at Superior
Industries Production in Stalowa Wola.

A summary of all tested samples is presented in Table 1.
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Table 1.
A summary of all tested samples and their casting methods

. Estimated
Numbe D | App roxilmatc scrap Alloy preparation Casting method
sarrrlplc Sal’é’lp scr;]ta ;ﬂ (]a)re, share, procedure and conditions
) wt.%
1. GCl1 45 0.4 modification in the ~ GC from a
2. GC2 50 0.5 furnace using  temp. of 720 °C
3. GC3 55 0.6 AITiSB master into a steel
4. GC4 60 0.7 alloy®; refining in mould, followed
the furnace using by solidification
> 68 65 08  EBAH40 flux ©® in air
6. LPCl 45 0.8 Modification in the LPC casting
7. LPC2 50 0.9 fL}rnace usiAng ) from a
g' iggi 2(5) 1? Ar{}llz]?;;fe ﬁvnvllrtlf m temperature of
: : - 720 °C into an
nitrogen and an
10. LPC5 65 1.2 NHa mixture @ OVerflow ladle
where:

M — the remainder of the charge (up to 100%) consisted of primary
materials, i.e.

pure elements, alloys, and master alloys,
@ — AITi5B1 master alloy (in the form of bars), 0.2 wt.% of the charge
mass,
©® — EBA H40 flux (in powder form), added at 0.05 wt.% of the charge
mass.

Metalodlew, Tomaszowice near Lublin, Poland,
@ _ refining with nitrogen (99.9% purity) for 10-15 minutes, depending
on the

alloy mass in the ladle, followed by refining with an NH. mixture
(90% N+

10% H) for 3-5 minutes.

Chemical composition analysis was performed using an optical
emission spectrometer for quantitative elemental analysis, the
Foundry-Master Compact 01L00113 Worldwide Analytical
System (Spectro Lab, Kleve, Germany). The arithmetic mean was
calculated from eight measurements, and the results were rounded
to two decimal places.

L

Low-pressure casting

LPCI: 0.8wt.%Fe
LPC2: 0.9wt.%Fe
LPC3: 1.0wt.%Fe
LPC4: 1.1wt.%Fe
LPC5: 1.2wt.%Fe ./

Fig. 1. Schematic of the experimental plan
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LM microstructure examinations were performed using a
MeF2 light microscope, and SEM analyses were carried out with a
Hitachi S-3400N scanning electron microscope (Hitachi High-
Technologies, Tokyo, Japan) equipped with a Thermo Noran
energy-dispersive X-ray spectrometer (EDS), a Thermo MagnaRay

wavelength-dispersive spectrometer (WDS), and an INCA HKL
Nordlys detector for electron backscatter diffraction (EBSD).Ten
photographs were taken, of which selected images are
representative of the microstructure of the AlSi7Mg alloy. Some
specimens were etched in Fuss’s reagent.

Quantitative analysis of the microstructure was performed using
quantitative metallography and image analysis with the Imagel
software [28]. For each sample, 10 photographs were taken at
randomly selected fields of view. Images of the f-Fe phases were
subjected to morphological transformation to correctly represent
their size and shape. The measurement was carried out using the
area method.

4. Test results

The chemical composition of the tested samples is presented in
Table 2.

Table 2.
Chemical composition of the AISi7Mg cast alloy*
sample Chemical composition, (wt.%)**

number Si Mg Fe Mn Cu Ni Al
GCl 6.93 0.57 0.42 0.21 0.05 0.04 rest
GC2 7.11 0.62 0.49 0.26 0.07 0.03 rest
GC3 7.08 0.60 0.61 0.31 0.03 0.04 rest
GC4 6.96 0.59 0.71 0.35 0.03 0.02 rest
GC5 6.97 0.61 080 041 0.05 0.02 rest
LPC1 7.05 0.62 0.81 020 0.04 0.04 rest
LPC2 7.12 0.60 0.92 0.25 0.03 0.03 rest
LPC3 7.20 0.59 1.09 0.32 0.04  0.02 rest
LPC4 7.18 0.62 1.11 0.36 0.03 0.01 rest
LPC5 6.98 0.61 1.21 0.42 0.05 0.03 rest

* — the mean of eight measurements, after discarding the two most
extreme

values,
** —up to 0.01 wt.% for the remaining elements, mainly: Zn, Na, Pb, Sr,
Ti,
GC1-GCS — designation of samples cast by gravity casting,
LPC1-LPCS5 — designation of samples cast under low pressure (up to
0.15 MPa).

Representative LM microstructures of the AlSi7Mg alloy cast
by gravity are shown in Figure 2, those cast under low pressure in
Figure 3, and the SEM microstructures in Figure 4.

The second part of the microstructural analysis was the
quantitative analysis of the B-Fe phase precipitations and the pore
share fraction, as shown in Figures 5 and 6. The quantitative
analysis concerned the effect of iron content on the volume fraction
and length of B-Fe phases and the surface area and pore fraction, as
well as the effect of the amount of
B-Fe phases on the surface area and pore fraction.

The determined values are the arithmetic mean of ten
measurements, after excluding the two extreme values. The
dispersion of the results, measured by standard deviation (SD), is
shown below Figures 5 and 6. Measurement error SD less than
0.05%.
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Fig. 3. LM microstructure of low pressure cast AISi7Mg alloy: 00 02 04 06 08 10 12 14 186
a) sample LPC3 (1.09wt.%Fe); b) sample LPCS5 (1.21wt.%Fe) b) Iron content, wt.%
(SP — shrinkage porosity)
Point la/lb 2a/2b 3a/3b 4a/4b 5a/5b
number
SD for GC___0.022/3.27 ___0.09/4.11 0.26/431 0350939 0.48/1452
SDfor 00100012 0011/0.011 _ 0.013/0.012  0.011/0.011 _ 0.012/0.011
LPC

Fig. 5. Change in: a) the mean volume of -AlsFeSi phase; b)
the length of B-AlsFeSi phase as a function of iron content in the
AlSi7Mg alloy cast by GC and by LPC
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Fig. 6. The influence of iron content on: a) surface area; b)
volume fraction and the content of B-Fe phases on: ¢) surface area;
d) volume fraction of shrinkage pores in the AISi7Mg cast alloy

5. Discussion of results

The aim of the study was to determine whether the increasing
iron content, resulting from the higher proportion of secondary
materials (from 45% to 65%), affects shrinkage porosity. A
secondary objective was therefore, to attempt to answer the
question: which of the theories of porosity formation in Al-Si alloy
castings is correct? The one that suggests shrinkage porosity results
from the presence of platelet-shaped B-Fe phases in the alloy,
which hinder the free access of liquid metal to interdendritic
regions during solidification [29-31], or the one according to which
the main cause of shrinkage porosity is thin, double-layer oxide
films, on which iron phases may possibly form [32, 33]? The
second part of the microstructural study focused on the quantitative
analysis of the B-Fe phase fraction and shrinkage porosity in gravity
and low pressure cast AlSi7Mg alloy (up to 0.15 MPa).

The literature review showed that the main factor determining
the causes of shrinkage porosity formation in aluminium alloys is
the method by which the liquid metal is delivered into the mould
cavity. Therefore, the AlSi7Mg alloy was cast both by gravity
casting (GC) and low pressure casting (LPC), and then, using LM
and SEM metallographic examinations, the microstructures were
compared with respect to the fraction of the B-AlsFeSi phase
(volume fraction and average length) and shrinkage porosity (pore
surface area and pore fraction).

The microstructural examination results of the gravity cast
AlSi7Mg alloy showed that, with increasing iron content, the
quantitative fraction of the B-AlsFeSi phase increases, and their
length grows from approximately 40 um (at 0.4 wt.% Fe) to about
700 um (at 0.8 wt.% Fe) (Fig. 2b). Such a significant increase in
the length of the plate-like B-Fe phase precipitates is caused by the
sequence of their crystallization relative to the other constituents of
the Al-Si alloy structure. As studies have shown [34], up to about
0.4 wt.% Fe, the B-Fe phases form after the crystallization of the
o(AD+B(Si) eutectic or during it, and their length averages from 40
to 80 pm. At iron contents from 0.41 to about 0.69 wt.% Fe, the -
Fe phases (with an average length of 80 - 400 pm) form before the
a(Al)+B(Si) eutectic and after the a(Al) solid-solution dendrites. At
iron contents above 0.7 wt.% Fe, the p-Fe phases solidify as
primary crystals, and therefore their length is the greatest on
average from 500 to 700 pm, and sometimes even up to 1.2 mm
(Fig. 4a). Plate-like B-Fe phases that form primarily (without any
obstacles) at the solidification front hinder the flow of liquid metal
into the a(Al) interdendritic regions, and the resulting voids form
shrinkage pores upon solidification (Fig. 2b). Therefore, in Al-Si
secondary alloys with increasing iron content, it is highly probable
that shrinkage porosity forms as a result of the crystallization of -
Fe phases, which block the interdendritic flow channels of the
alloy. This is especially evident at iron contents above 0.7 wt.% Fe,
which reduces the permeability between a(Al) dendrites and
consequently increases shrinkage porosity in Al-Si alloy castings.

These results are consistent with the studies [23, 29], which
showed that, with increasing iron content, the fraction of B-AlsFeSi
phases increases, and consequently, clusters of shrinkage porosity
become more pronounced. The author of the study [29] also states
that such a situation negatively affects the mechanical properties of
the castings, and therefore it is necessary to add, for example,
manganese to Al-Si alloys with increased iron content.Similar
conclusions can be drawn from the studies [7, 12, 14-16], which
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indicate that the porosity of Al-Si alloys results from an increase in
iron content.

The second part of the microstructure study involved a
quantitative analysis of the B-Fe phase content and shrinkage
porosity in the AlSi7Mg alloy cast by gravity and low-pressure
casting (up to 0.15 MPa). Figure 5 shows that increasing iron
content increases the B-Fe phase content and average length only
for GC (from 0.4 wt.% to 0.8 wt.% Fe). In the case of LPC, no
significant increase in the B-Fe phase content, as measured by their
surface area and length, was observed. However, the
microstructures of the tested pressure-cast alloy indicate the
presence of shrinkage pores (Figs. 3 and 4a). This is confirmed by
our own research [28, 34]. It is true that in the AlSi7Mg alloy cast
in the LPC process the presence of plate-like B-Fe phase
precipitates was also found, but their share is small and the average
length does not exceed approximately 20 um (Fig.4b).

As shown in Fig. 5, increasing the iron content causes an
increase in both the fraction and the average length of B-Fe phases,
but only for gravity cast samples (from 0.4 wt.% to 0.8 wt.% Fe).
In the case of low pressure castings, no significant increase in the
fraction of B-Fe phases, measured by their surface area and length,
was observed. As shown in Figures 6a and 6b, in gravity cast
samples, an increase in iron content leads to an increase in the
surface area of shrinkage pores and a decrease in their fraction, i.e.,
the number of pores decreases while their size increases. In
contrast, in low-pressure castings, both the pore surface area and
their fraction remain relatively constant. Therefore, it may be
concluded that iron content has only a minor effect on the formation
of shrinkage porosity in low pressure castings. This is also
confirmed by the results presented in Figures 6¢ and 6d. In gravity
cast samples, an increase in the fraction of B-Fe phases is
accompanied by an increase in the size of shrinkage pores
(expressed by their surface area), while their number decreases. In
low pressure castings the influence of B-Fe phases on shrinkage
porosity is minor.

Microstructural analysis shows that, in the pressure-cast
AlSi7Mg alloy, oxides are the main source of porosity. They most
commonly form during the pouring of the alloy from the furnace to
the ladle or from the furnace to the mould, as confirmed by studies
[8, 9, 25]. According to Campbell, although aluminium alloys are
prone to oxide formation (liquid aluminium has a strong affinity for
oxygen) and oxidation occurs within milliseconds when the
aluminium surface comes into contact with atmospheric oxygen
and moisture, the top of the liquid A1Si7Mg alloy forms a compact
surface that prevents gases from penetrating into the alloy.
Therefore, it is crucial to minimize alloy pouring and, in particular,
turbulence of the liquid metal during the first and second stages of
pressure casting. Accordingly, a low ram movement speed (in the
first stage) and low filling pressure of the mould cavity (in the
second stage) are recommended. This is confirmed by studies [4,
13, 18, 33] for example. Therefore, it can be stated that in pressure-
cast alloys, which are exposed to pouring and turbulence in the
liquid state, the more probable theory regarding the causes of
shrinkage porosity is the presence of flat, double oxide films in the
alloy rather than the morphologically unfavorable B-AlsFeSi
phases.

6. Conclusions

In summary, it can be stated that some of the most important
factors determining the causes of shrinkage porosity in aluminium
alloys are the casting method (gravity or pressure), the iron content
and the amount of gaseous impurities, especially oxygen and
hydrogen.

In gravity-cast Al-Si-Mg alloys with an iron content of up to
about 0.4 wt.% Fe, the B-AlsFeSi phases do not pose a major
problem, and therefore porosity is often accepted by customers.
With an iron content from 0.41 to about 0.69 wt.% Fe, the B-
AlsFeSi phases (with an average length of 80-400 um) form before
the a(Al)+p(Si) eutectic. In this case, isolated clusters of shrinkage
porosity begin to appear, but they are not yet very large, because
dendrites of the a(Al) solid solution have already formed earlier,
effectively limiting the growth of the B-Fe phases. With an iron
content above 0.7 wt.% Fe, the B-Fe phases crystallize primarily,
and therefore their length is the greatest, as they can grow freely
without encountering any ‘obstacles’. In this case, the primary f3-
AlsFeSi phases completely block the free flow of the liquid alloy,
causing large clusters of shrinkage porosity whose morphology
reflects the shape of the subsequently crystallizing o(Al) solid-
solution dendrites. Then, it becomes necessary to introduce
manganese- or chromium-based master alloys into the melt [4, 7,
22]. These elements, due to the similarity of their crystallographic
parameters to iron, cause the plate-like B-AlsFeSi phases to
transform into phases of the Alx(Fe,Mn,Cr)ySiz type [8, 9, 12].

In view of the above, the main cause of shrinkage porosity
formation in gravity-cast Al-Si-Mg alloys is the presence of iron
phases, among which the $-AlsFeSi phase is the most detrimental.
The contribution of oxide impurities is insignificant.

In the case of pressure-cast Al-Si-Mg alloys, the presence of -
Fe phases is not as harmful, and therefore a higher iron content is
acceptable. The rapid solidification of pressure-cast parts in
permanent moulds prevents the B-Fe phases from reaching sizes
large enough to obstruct the flow of liquid alloy at the solidification
front. However, a problem arises from the necessity to transfer the
alloy from the furnace to the ladle (where refining takes place) and
subsequently from the ladle to the low-pressure casting machine.
However, a problem arises from the necessity to transfer the alloy
from the furnace to the ladle (where refining takes place) and
subsequently from the ladle to the low pressure casting machine.
This may lead to the unfavourable phenomenon of air entrapment
[35], resulting in the formation of oxide films.

It should be noted, however, that due to the very small size of
oxide films, their identification is extremely difficult. This requires
specialized research equipment and 3D scanning methods at the
micrometric scale, followed by a laborious process of identifying
these films. Consequently, the most effective method for
identifying the causes of shrinkage pore formation and their
presence in the microstructure of Al-Si alloys is quantitative
metallographic analysis.

On this basis, it can be stated that in the tested low pressure cast
alloy, the main source of porosity is not the plate-like fB-Fe
precipitates, but oxides which, due to their double-layer structure,
are referred to by Campbell as ‘bifilms’. Therefore, in the case of
pressure-cast Al-Si alloys, the theory that porosity forms due to the
presence of oxides in the alloy is more likely. In this case, master
alloys (e.g., manganese- and/or chromium-based) are also added;
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however, care must be taken not to exceed the allowable values of
the so-called ‘sludge factor,” which is highly undesirable due to the
presence of hard particles rich mainly in iron, manganese, and
chromium [3, 4, 10, 11, 18].
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