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Abstract: Aluminum-silicon alloys are popular casting alloys. In its raw state, the microstructure
of the hypoeutectic silumin consists of a large eutectic β phase against the background of dendritic
eutectic α. Due to its large microstructure components, mainly the eutectic β phase, this alloy has
low mechanical properties. The unfavorable properties of hypoeutectic silumin can be improved by
changing the size and shape of the alloy’s microstructure components. There are several possibilities
for controlling the microstructure and the resulting mechanical properties of the alloy. One possibility
is to modify the alloy with elements and chemical compounds. This paper presents the effect of
phosphorus with Al-Ti-B on the microstructure and mechanical properties of hypoeutectic silumin
AlSi7Mg. The proportions of Ti to B were selected on the basis of the results presented in the literature,
recognizing the optimal ratio of 5:1. The modifier was introduced into the alloy in the form of an
AlTiBP master alloy with a variable content of titanium, boron, and phosphorus. Phosphorus was
added at the levels of 0.1, 0.2, and 0.3% of the weight of the modified casting. As a result of the
tests carried out, the modifying effect of the introduced master alloy was confirmed. A different
morphology of microstructures was obtained for the different chemical compositions of the modifier.
The most favorable modification effect, whose measurable parameter is the highest (out of the
obtained) mechanical properties, was found for the modifier containing 0.25% Ti + 0.03% B + 0.2% P.
It was also found that phosphorus, in the presence of titanium and boron, affects the microstructure
and mechanical properties of hypoeutectic silumin AlSi7Mg.
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1. Introduction

Cast metal alloys are a popular group of construction materials. Among them are
light metal alloys, which include, among others, aluminum alloys. Cast aluminum-silicon
alloys are characterized, among others, by a relatively low casting temperature, good
castability, ease of filling the mold, low specific gravity, and relatively high mechanical and
corrosion properties [1–7]. In hypoeutectic Al-Si alloys, the α phase is the first to crystallize.
Its heat from crystallization heats the remaining liquid to a liquidus temperature. The
crystallization front of the α-phase dendrites ejects the silicon atoms into the liquid. It is
enriched in Si with continuous lowering of the temperature. The process of crystallization
of the α phase dendrites lasts up to the solidus temperature. At this temperature, due
to the supersaturation of the remaining liquid with silicon, the crystallization of the α+β
eutectic begins, in which silicon is the leading phase. The β phase is a good catalyst for
the nucleation of the α phase, and, in the process of eutectic crystallization, the α solid
solution nucleates and grows [8–13]. The primary hypoeutectic aluminum-silicon alloy
crystallizes to form a dendritic α-phase microstructure and a coarse-grained α+β eutectic.
The presence of acute-angled crystals of the β phase (almost pure Si) in silumins is the
reason for the unfavorable performance properties of the alloy. This is the reason for many
years of work aimed at refining the microstructure and thus increasing the mechanical
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properties of the alloy [14,15]. The microstructure, and therefore the properties of silumins,
can be shaped, among others, by:

• Modification [16–18], including, among others, with: calcium [19], sodium [20],
sodium chloride [21,22], exothermic mixtures based on natrium [23,24], mischmetal [25],
strontium [26,27], lithium [28], scandium and yttrium [29,30], antimony [31], tita-
nium [32–34], boron [35], and modification with a homogeneous modifier with a
composition similar to a worked alloy (or made from a worked alloy) [36];

• Introduction of alloy additions [37–39];
• Directional crystallization process [40–43];
• Manufacturing process [44–48];
• Heat treatment [49,50].

In practice, several methods are used simultaneously to influence the structure [51–55].
Phosphates (e.g., NaPO3) [56] and Na halides (e.g., NaF and NaCl) [1,21,57] have also been
successfully used as mixtures. The influence of phosphorus on the modifications of primary
silicon in hypereutectic and eutectic silumins is described in the literature [58]. According
to the theory, eutectic silumins do not have a primary β phase, and their microstructure
(taking into account the coupled zone) is a eutectic composed of α+β. This eutectic occurs
in hypoeutectic silumins against the background of the α phase. If the research results
known from the literature show the influence of the phosphorus introduced in the master
alloy on the properties of the eutectic silumin, then there may be an analogous effect of
the master alloy containing phosphorus on the eutectic of the hypoeutectic silumin, whose
properties depend on the properties of the hypoeutectic Al-Si alloy.

Numerous studies also show the possibility of refining the microstructure of hypoeu-
tectic silumin and increasing its mechanical properties using the Al-Ti-B master alloy [59,60]
or in combination with strontium [61–63] or other elements [64,65]. Studies conducted on
the Al10%Si035%Mg alloy with the addition of Al1.5%Ti1.5%B and Sr showed a low effect
of Sr modification and a good refining effect by the action of the Al-Ti-B master alloy [66,67].
The effect of eliminating the impact of any of the tested ingredients as improvers (modifiers
and refiners) was not observed. It can therefore be assumed that the interaction of both
modifying components depends on their percentage content in the alloy. The effect can
be explained by the master alloy composition (Al1.5%Ti1.5%B + Sr), which is similar to
the stoichiometric composition of the SrB6 phase. The presence of TiB2 particles in the
grains of the β phase was observed in this study, which confirms the assumption about
the influence of this compound on the crystallization process. The formation of free AlB2
and Sr particles contributes to the formation of the SrB6 phase. The formation of this phase
is accompanied by the local capture of both Sr and B, which play a very important role in
the formation of the phase morphology of the Al-Si alloy. After Al-Ti-C-Sr modification,
as exemplified with the Al7Si alloy, the presence of TiC and Al4Sr phases in the α phase
matrix, which is attributed to the α phase [68] modifying effect, was observed, similarly
to the Al3Ti phase [69]. The use of only boron to modify Al10Si silumin did not have the
expected effect. The eutectic β phase was fragmented to a small extent [70]. However, the
use of B in combination with Al, Ca, and Si (AlxCamBnSi) caused the modification of the
primary β phase [35]. The refining effect of Al7Si silumin was confirmed for the Al-Ti-B
master alloy [71,72]. The effect is the greater when more boron is introduced [71]. The
AlTi5B1 alloy in the form of a wire can be used for grain refinement in cast Al alloys. In
a number of papers, the optimal ratio of Ti:B was set at 5:1, and the refining effect of the
AlTi5B1 alloy was attributed to the TiB2 and Al3Ti phases [72–76].

Using the ratios of Ti:B as 5:1 given by other researchers and taking into account the
results of research confirming the modifying effect of phosphorus on the morphology of
primary silicon (although present in hypereutectic silumins) and phosphates on modifica-
tions of the α+β eutectic, it was decided to check the effect of phosphorus in the presence
of Al-Ti-B on the microstructure and mechanical properties of hypoeutectic silumin.
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2. Materials and Methods

The tests were carried out on a hypoeutectic AlSi7Mg alloy, with the real chemical
composition shown in Table 1 [54].

Table 1. Contents of chemical composition tested hypoeutectic basic AlSi7Mg alloy.

Chemical
Element

Si
wt. %

Mg
wt. %

Mn
wt. %

Fe
wt. %

Cu
wt. %

Ni
wt. %

Ti
wt. %

B
wt. %

Al
wt. %

Average contents 7.24 0.30 0.26 0.13 0.10 0.006 0.00 0.00 bal.

This alloy was obtained from industrially produced ingots. In order to standardize the
chemical composition of silumin, it was subjected to initial melting at 800 ◦C for 30 min in
a ceramic crucible with a capacity of 5 L. The melted alloy was cast into steel fittings. Melts
of Al-Ti-B-P master alloys were carried out in a ceramic crucible with Al2O3 placed in an
electric furnace chamber. The composition of master alloys was matched to the weight of
the modified silumin, taking as a criterion the content of chemical elements introduced into
the silumin. The contents of titanium, boron, and phosphorus in terms of the weight of the
casting (introduced into silumin) are listed in Table 2.

Table 2. Content of components in the modifier for the mass of the casting.

Plan Point

Chemical Element

Ti
wt. %

B
wt. %

P
wt. %

Al
wt. %

non 0 0 0 0

AlTi0.05B0.01P0.1 0.05 0.01 0.1 Bal.

AlTi0.15B0.03P0.1 0.15 0.03 0.1 Bal.

AlTi0.25B0.05P0.1 0.25 0.05 0.1 Bal.

AlTi0.35B0.07P0.1 0.35 0.07 0.1 Bal.

AlTi0.45B0.09P0.1 0.45 0.09 0.1 Bal.

AlTi0.05B0.01P0.2 0.05 0.01 0.2 Bal.

AlTi0.15B0.03P0.2 0.15 0.03 0.2 Bal.

AlTi0.25B0.05P0.2 0.25 0.05 0.2 Bal.

AlTi0.35B0.07P0.2 0.35 0.07 0.2 Bal.

AlTi0.45B0.09P0.2 0.45 0.09 0.2 Bal.

AlTi0.05B0.01P0.3 0.05 0.01 0.3 Bal.

AlTi0.15B0.03P0.3 0.15 0.03 0.3 Bal.

AlTi0.25B0.05P0.3 0.25 0.05 0.3 Bal.

AlTi0.35B0.07P0.3 0.35 0.07 0.3 Bal.

AlTi0.45B0.09P0.3 0.45 0.09 0.3 Bal.

The weight of aluminum was selected in such a way that titanium, boron, and phos-
phorus accounted for about 10% by weight in the master alloy. The diagram of the casting
mold used for all heats is shown in Figure 1 [54].

For the production of master alloys, titanium in the form of powder with a purity
>98.5%, boron in the form of boron puriss p.a. crystalline pieces with a purity of >95%,
phosphorus in the form of powder with a purity of >98%, and aluminum in the form of
ingots with a purity of >98% were used. The molten master alloy was cast into a cylindrical
metal mold with a diameter of 8 mm and then mechanically ground to a grain fraction of
0.8–1.2 mm. The modification was carried out on about 750 g of silumin for each of the
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heats. A new AlSi7Mg alloy was used for each melt. The modification was carried out in
a crucible at a temperature of 780 ◦C for 20 min, after which the alloy was poured into a
casting mold.
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Figure 1. The diagram of the casting mold: 1—pouring cup, 2—sprue, 3—mold, 4—casting (samples):
(a) section, (b) top view.

Metallographic examinations were carried out using an Olympus IX70 optical micro-
scope. Mi8Al reagent was used for etching metallographic samples. Phase analysis was
performed using an X-ray phaser Bruker diffractometer with Difrac EVA and HighScore
Plus software and the ICDD PDF-4 + crystallographic database. The static tensile test was
carried out on a ZD10 machine on five-fold cylindrical samples with a measuring diameter
of 6 mm according to EN ISO 6892-1:2016 [77]. Two samples for each heat were tested.
Brinell hardness was tested on the heads of samples prepared for a static tensile test in
accordance with ISO 6506-1:2014 [78] using a ball with a diameter of 2.5 mm, a load of
306.5 N, and a load time of 20 s in the HPO 250 hardness tester. Three measurements were
made on each sample. The arithmetic mean of the measurements was used for the analysis.

3. Results and Discussion

The microstructure of the AlSi7Mg alloy cast into the mold without modification is
shown in Figure 2a. It consists of thick, uneven plates of the eutectic β phase against the
background of the α phase. The occurrence of a disordered distribution of the β-phase
plates and their unregulated thicknesses prove the lack of thermodynamic stabilization in
the crystallization process. This microstructure is reflected in low mechanical properties.
Tensile strength Rm = 136 MPa (Figure 3a), elongation A = 0.7% (Figure 3b), and Brinell
hardness H = 51 HB (Figure 3c). After introducing a master alloy based on aluminum
AlTi0.05B0.01P0.1 containing 0.05% titanium + 0.01% boron + 0.1% phosphorus in relation to
the mass of modified silumin, the process of stabilization of the α+β eutectic crystallization
was found (Figure 2b). A clear reduction in the grain size of the β phase (a solid solution
of aluminum in silicon) was observed. The remaining thick, unmodified β phase had an
elongated form resembling thick, short plates. The formation of the eutectic was clearly
visible, enabling visual separation of the eutectic from the primary α phase (solid solution
of silicon in aluminum), which had begun to assume the dendritic form. The effect of
fragmentation and partial, basically initial, ordering of the α+β eutectic was an increase
in mechanical properties to Rm = 153 Mpa, A = 2.5%, and H = 56 HB (Figure 3). After
modification of the silumin with AlTi0.15B0.03P0.1 containing 0.15% titanium + 0.03%
boron + 0.1% phosphorus, a further increase in the order of the microstructure was found
(Figure 2c). A definite further reduction in the size of the β phase to a plate-like size
and shape was found. There was already a clear separation of the α+β eutectic and the
primary dendritic α phases. It was possible to already observe the axes of the main silicon
wafers parallel to each other. This fact is a testament to the beginnings of thermodynamic
stabilization of the crystallization of the α+β eutectic. The effect of the beginnings of
modification of the microstructure was an increase in the mechanical properties of the
AlSi7Mg alloy to Rm = 171 Mpa, A = 4.5% and H = 61 HB (Figure 3). The XRD analysis
carried out for this melt confirms the introduction of the modifier components into the
AlSi7Mg alloy (Figure 4). In the radiograph, apart from the typical silumin components,
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which are Al and Si, the presence of titanium, boron, and phosphorus compounds was
found, which clearly confirms the transfer of the modifier to the treated alloy. It is obvious
that the magnitude of the observed peaks for the modifier phases is not large. This is due
to the fact that a small amount of individual chemical elements is introduced in relation to
the weight of the treated alloy. After the modification of the master alloy AlTi0.25B0.05P0.1,
further fragmentation of the lamellar α+β eutectic was found. A greater number of plates
than in the previous case have parallel axes of symmetry, which proves another increase in
the stability of eutectic growth and thus the stabilization of its crystallization process. The
dendrites of the α phase are smaller in comparison to the previous modifier but still have
large dimensions (Figure 2d). Changes in the microstructure result in mechanical properties,
i.e., Rm = 178 Mpa, A = 5.3%, and H = 63 HB. These are the highest values for a master
alloy containing 0.1% phosphorus (Figure 3). After modifying the silumin AlSi7Mg with
the master alloy AlTi0.35B0.07P0.1, a slight degradation of the microstructure was found
in relation to AlTi0.25B0.05P0.1. However, the eutectic plates still maintained equiaxiality.
The dimensions of the primary α phase dendrites decreased (Figure 2e). The mechanical
properties decreased within the measurement error to Rm = 175 Mpa, A = 4.9%, and H = 62
HB (Figure 3). Taking into account the number of tests carried out, it can be concluded that
despite a slight decrease in mechanical properties, the tendency towards their decrease is
correctly presented. After modification of the silumin master alloy AlTi0.45B0.09P0.1, an
increase in the thickness of the eutectic β phase plates was noted, resulting in an increase
in the thickness of the eutectic phases and a decrease in the size of the α phase dendrites
(Figure 2f). As a result, the mechanical properties are further reduced to Re = 171 Mpa,
A = 4.5%, and H = 61 HB (Figure 3). Comparing the changes in the microstructure of the
AlSi7Mg silumin after modification with all master alloys, fragmentation of the primary
α-phase dendrites was noted with an increase in the share of titanium and boron in the
modifier. With the content of 0.1% phosphorus, the highest mechanical properties were
obtained for the modifier AlTi0.25B0.05P0.1, containing 0.25% titanium and 0.05% boron.
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Figure 3. Mechanical properties the AlSi7Mg alloy without modification and after modification
with AlTi0.05B0.01P0.1, AlTi0.15B0.03P0.1, AlTi0.25B0.05P0.1, AlTi0.35B0.07P0.1, AlTi0.45B0.09P0.1:
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After modification of the AlSi7Mg silumin with AlTi0.05B0.01P0.2, thus containing
0.05% Ti, 0.01% boron, and 0.2% phosphorus, calculated on the weight of the modified
alloy, the microstructure already had parallel axes of the plates of the eutectic β phase.
Thick precipitates of the β phase were still visible, indicating the final stage of transition
as a result of modification into regular plates. The α phase had a dendritic structure.
Based on the analysis of the overall microstructure, it was noted that the modification
process with this master alloy proceeded in conditions close to stable, as evidenced by
uniform axes distribution and similar thickness of the eutectic β phase with stabilized
dimensions of the primary dendritic α phase (Figure 5a). The described microstructure is
reflected in the mechanical properties: Rm = 169 MPa (Figure 6a), A = 4.3% (Figure 6b), and
H = 61 HB (Figure 6c). After the modification of the silumin master alloy AlTi0.15B0.03P0.2,
a much greater fragmentation of the microstructure was found than after the previously
introduced modifier. In the eutectic β phase, it was difficult to find distinct plates with
even axes of symmetry. The eutectic consisted of short twisted flakes, which is evidence of
the thermodynamic system going beyond the stable growth range (Figure 5b). The primary
β phase also gained finer dendrites than after AlTi0.05B0.01P0.2 modification (Figure 5a).
The beneficial change in the microstructure resulted in an increase in the mechanical
properties to the values of Rm = 177 MPa, A = 5.2%, and H = 63 HB (Figure 6). After
introducing AlTi0.25B0.05P0.2 to the silumin in the form of a master alloy, a comparable
eutectic shape was obtained as after AlTi0.15B0.03P0.2 modification but with a clearly finer
eutectic α+β phase (Figure 5c). The primary dendritic α phase remained of similar size.
The eutectic fragmentation of the alloy resulted in an increase in the mechanical properties
to Rm = 186 MPa, A = 6.1%, and H = 65 HB (Figure 6). These were the highest mechanical
properties for the master alloy series, containing 0.2% phosphorus. After the modification
of the master alloy containing more titanium and boron (AlTi0.35B0.07P0.2), a similar
shape of the α+β eutectic was observed, but a slight increase in the plate thickness of both
its phases. A significant increase in the fragmentation of the primary α phase was also
noted (Figure 5d). Such a microstructure has slightly lower mechanical properties than
those discussed previously: Rm = 183 MPa, A = 5.7%, and H = 64 HB (Figure 6). After
modification of the hypoeutectic silumin master alloy AlTi0.45B0.09P0.2, the microstructure
gained a similar eutectic shape; unfortunately, another increase in the thickness of its
components was noted (Figure 5e). There was no change in the size of the primary α phase
dendrites. A slight degradation in the microstructure resulted in a further reduction in the
analyzed mechanical properties to Ra = 178 MPa, A = 5.3%, and H = 63 HB (Figure 6). The
changes in hardness for individual test points did not seem to be large, but it should be
emphasized that the stability of hardness measurements was 100% for some samples, so
the measurement error was 0 HB. Analyzing the average hardness measurement error for
all points of the discussed test plan for 0.2% of phosphorus, the average error was found at
the level of 0.23 HB.
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Figure 5. Microstructure the AlSi7Mg alloy with: (a) AlTi0.05B0.01P0.2, (b) AlTi0.15B0.03P0.2,
(c) AlTi0.25B0.05P0.2, (d) AlTi0.35B0.07P0.2, (e) AlTi0.45B0.09P0.2.
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Figure 6. Mechanical properties the AlSi7Mg alloy without modification and after modification
with AlTi0.05B0.01P0.2, AlTi0.15B0.03P0.2, AlTi0.25B0.05P0.2, AlTi0.35B0.07P0.2, AlTi0.45B0.09P0.2:
(a) tensile strength, (b) elongations, (c) Brinell hardness.
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In the third stage of the research, a master alloy with analogous compositions as in
the first two stages was used, but with a phosphorus content of 0.3% in relation to the
weight of the treated silumin AlSi7Mg. After modification of the silumin AlTi0.05B0.01P0.3
master alloy, thick plates of the eutectic β phase were obtained against the background of
the disordered primary α phase. Partial systematization of the eutectic β phase was visible
in the microstructure, which indicated the beginning of stabilization of the eutectic crys-
tallization process. In the α phase, it was difficult to find the dendritic system (Figure 7a).
The obtained microstructure determined the relatively low mechanical properties of the
alloy Rm = 160 MPa (Figure 8a), A = 3.3% (Figure 8b), and H = 56 HB (Figure 8c). After
modifying the silumin AlTi0.15B0.03P0.3 master alloy, a change in the shape of the eutectic
α+β phases was observed. The β phase had changed and lost the shape of long thick
plates. The distribution of the eutectic phases became irregular, which proves the lack of
crystallization stability. A modified microstructure of the α+β eutectic was obtained. Large
dendrite arms could be seen in the α phase (Figure 7b). Modification of the eutectic and the
α phase resulted in an increase in the tested mechanical properties (Figure 8). Rm = 175MPa,
A = 5.0%, and H = 62HB were obtained. After modification of the AlTi0.25B0.05P0.3 master
alloy, a fine eutectic composed of α and β phases was obtained. The character of eutectic
resembled its geometric form described previously. The presence of the primary α phase
in the form of clearly visible dendrites (Figure 7c) with smaller dimensions than after the
AlTi0.15B0.03P0.3 modification, i.e., lower content of titanium and boron, was observed.
The effect of obtaining a finer eutectic and the α phase with smaller dimensions was to
achieve higher mechanical properties. Tensile strength Rm = 181 MPa, elongation A = 5.5%,
and hardness H = 63 HB (Figure 8). The values of mechanical strength at this test point were
the highest for the analyzed third series, in which the share of phosphorus was set at 0.3%
of the weight of the treated silumin. After introducing AlTi0.35B0.07P0.3 into the silumin, a
primary α phase of comparable size was obtained. The α+β eutectic consisted of fine plates
of the β phase. The geometric shape of the β phase was diverse. The presence of most of
the β phase in an irregular form was noted as well as the presence of fine plates with a
parallel arrangement of symmetry axes. This arrangement of the eutectic indicated the oc-
currence of two processes during crystallization, and then the growth of stable and unstable
eutectic (Figure 7d). The equivalent of the microstructure are the mechanical properties of
silumin with the following parameters: Rm = 177 MPa, A = 5.3%, and H = 62 HB (Figure 8).
Therefore, a slight decrease in strength properties was noted in relation to the properties of
the tested silumin after AlTi0.25B0.05P0.3 modification. This may indicate that increasing
the content of titanium and boron at a constant 0.3% phosphorus content from 0.25 and
0.05 to 0.35 and 0.07%, respectively, in relation to the weight of the treated alloy causes a
slight degradation of the microstructure and a slight decrease in the analyzed mechanical
properties of AlSi7Mg alloy. After the modification of the silumin AlTi0.45B0.09P0.3, a
slight increase in the thickness of the eutectic β phase plates and a slight fragmentation
of the α phase with a dendritic system were noted. Similarly to the modification of the
AlTi0.35B0.07P0.3 master alloy, there were two areas in the eutectic proper for different
crystallization courses of the silumin eutectic. In the areas of occurrence of β phase plates
with parallel arrangements of their axes of symmetry, their elongation was observed. This
is a sign of degradation of the microstructure (Figure 7e). The changes in the microstructure
are reflected in the reduction in the mechanical properties in relation to the parameters of
the alloy described after the AlTi0.35B0.07P0.3 modification. The mechanical properties of
the analyzed test point are as follows: Rm = 174 MPa, A = 4.9%, and H = 62 HB. Thus, the
reduction in the tested mechanical parameters was not large, but it confirms their tendency
to decrease with the increase in the amount of titanium and boron introduced.
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The results of the tests showed that the introduction of phosphorus to the master alloy
affects the strength properties of the hypoeutectic silumin. For all three analyzed series
of tests in which phosphorus was introduced into the master alloy at a constant level (0.1,
0.2, and 0.3% in relation to the mass of modified silumin), it was shown that the nature of
changes in the analyzed mechanical properties depends mainly on the content of titanium
and boron (Figures 3, 5 and 7). However, the share of phosphorus in the master alloy
in combination with the presence of titanium and boron affects the level of mechanical
properties obtained. This is confirmed by the results of earlier studies in which the authors
found that the eutectic Al-Si alloy modified with Al-3P had an increase in tensile strength
and elongation. The highest mechanical properties were obtained for 0.4 wt. Al-3P [79].

The highest properties were obtained for 0.2% phosphorus in relation to the mass
of modified silumin. For each of the three series of tests, the highest strength properties
(in relation to the results obtained in each series of tests) were obtained for the master
alloy with the composition AlTi0.25B0.05Px, regardless of the phosphorus content. The
increase in the share of titanium and boron did not increase the mechanical properties of
the analyzed alloy but even slightly decreased them. Thus, 0.25% Ti and 0.05% B, as well as
the content of 0.2%, were considered the optimal components for the tests carried out. In
the studies conducted on the Al7%Si alloy [58], the authors noted that at a concentration of
2 to 3 ppm of phosphorus, solidification took place mainly in the interdendritic spaces of
the α phase on AlP particles serving as heterogeneous nuclei for the eutectic β phase rich
in silicon. An increase in the nucleation rate of the eutectic phase was also observed with
an increase in the phosphorus content by at least one order of magnitude. The work [80]
presents the results confirming a clear and direct lattice relationship between the centrally
located AlP particles and the silicon surrounding them in the hypoeutectic Al-Si alloy,
which confirms the modifying capabilities of phosphorus with respect to the α+β eutectic.
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Figure 8. Mechanical properties the AlSi7Mg alloy without modification and after modification
with AlTi0.05B0.01P0.3, AlTi0.15B0.03P0.3, AlTi0.25B0.05P0.3, AlTi0.35B0.07P0.3, AlTi0.45B0.09P0.3:
(a) tensile strength, (b) elongations, (c) Brinell hardness.

Analyzing the size of the primary α phase and the eutectic morphology, it was found
that the eutectic morphology had a much stronger influence on the mechanical properties of
silumin than the soft and plastic size of the α phase. This confirms the observed regularity
that with fragmentation of the α phase and slight degradation of the α+β eutectic, the
mechanical properties decrease. The addition of AlTi5B1 has been widely recognized to
disintegrate the microstructure of hypoeutectic silumins [1,73,75,76]. At the same time,
many researchers usually point to the effectiveness of titanium alone, as well as when
combined with boron. The obtained results only confirm the previous observations on
titanium and boron without analyzing the effectiveness of each of them (they were used
in a constant proportion). In the analyzed range of the addition of titanium and boron,
together with the increase in their content, fragmentation of the silumin microstructure,
mainly the primary dendrites of the α phase, was noted.

4. Conclusions

Based on the results of the research, it was found that:

• By changing the content of titanium and boron (5:1 ratio) in the aluminum-based
master alloy in the presence of phosphorus, it is possible to control the microstructure
and mechanical properties of hypoeutectic silumin;

• Phosphorus in the master alloy, based on aluminum, titanium, and boron, affects the
microstructure and mechanical properties of hypoeutectic silumin AlSi7Mg;

• It was shown that with the ratio of titanium to boron in the aluminum-based master
alloy in the presence of phosphorus, the highest mechanical properties were achieved
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for the AlTi0.25B0.05P0.2 master alloy with the content of 0.25% titanium, 0.05% boron,
and 0.2% phosphorus in relation to the weight of the modified hypoeutectic silumin.
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Content on Corrosion Resistance of secondary AlSi7Mg0.3 Cast Alloy with Increased Fe-content. Manuf. Technol. 2022, 22, 598–604.
[CrossRef]

6. Heidarzadeh, A.; Khorshidi, M.; Mohammadzadeh, R.; Khajeh, R.; Mofarrehi, M.; Javidani, M.; Chen, X.-G. Multipass Friction Stir
Processing of Laser-Powder Bed Fusion AlSi10Mg: Microstructure and Mechanical Properties. Materials 2023, 16, 1559. [CrossRef]
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22. Nová, I.; Fraňa, K.; Lipiński, T. Monitoring of the interaction of aluminum alloy and sodium chloride as the basis for ecological

production of expanded aluminum. Phys. Met. Metallogr. 2021, 122, 1288–1300. [CrossRef]
23. Lipinski, T.; Szabracki, P. Modification of the hypo-eutectic Al-Si alloys with an exothermic modifier. Arch. Metall. Mater. 2013,

58, 453–458. [CrossRef]
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