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Abstract
The changes in the structure of Al–Mg–Si casting alloys after additional alloying are observed. In order to predict and to 
explain with greater confidence, the phase transformations in the studied alloys equilibrium phase diagrams were calcu-
lated using Thermo-Calc software. The results of the Thermo-Calc are in good agreement with the microstructure analysis. 
Morphology and chemical composition of intermetallic phases were investigated by scanning electron microscopy, energy-
dispersive x-ray analysis, and electron probe microanalysis on polished and deep etched microsections. Several intermetallic 
phases with Fe and Mn, phases that contain Zn and Cu, and Al3Ti crystals were described. It was found that the addition of 
Mn changes the morphology of Fe-containing intermetallics that improve strength and ductility of the alloys; crystals Al3Ti 
can act as nucleating particles of α-Al dendrites; Cu and Zn lead to the formation of several fusible eutectic phases. To better 
understand the influence of the different intermetallics, the mechanical properties (Brinell hardness, ultimate tensile strength, 
yield strength, elongation) were measured. Alloying with Cu and Zn exhibits the best values of hardness and strength (up to 
85 HB and UTC = 251 MPa), while the highest ductility was achieved in the alloy with composition Al–5.5Mg–2.5Si–0.6Mn 
(6.7%). Alloys possess the lowest properties (both strength and ductility) with the highest concentrations of Fe and Si (UTS 
up to 173 MPa with elongation 3.4%).
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Introduction

Despite widespread wrought Al–Mg–Si alloys (6000 alloys) 
in various industries, Al–Mg–Si casting alloys remain under-
estimated. However, Al–Mg–Si casting alloys have a number 
of advantages that make the alloys interesting for further 
development: high strength-to-weight ratio, a good combina-
tion of strength-ductility, good castability and formability, 
high corrosion resistance, age-hardening, high melting point 
of eutectic [1, 2].

In Al–Mg–Si alloys, Fe, Mn, Cu, Zn, and Ti can be pre-
sent as impurities or can be used as alloying elements. Fe is 
the most common impurity in Al alloys, and, in most cases, 
Fe is considered an undesired impurity. Fe can form with Al 
and Si several types of intermetallics (α-AlFeSi, β-AlFeSi, 
etc.). β-phase has the most harmful effect on strength and 
ductility since it has acicular or platelet morphology with 
size up to several millimeters [3]. The possibility of improv-
ing mechanical properties by changing morphology of the 
Fe-containing intermetallics from needles to “Chinese 
script” or compact shapes was reported [4]. For most HPDC 
(high pressure die casting) alloys, Fe is limited by 0.2 wt.% 
to achieve high levels of ductility and toughness [5].

Mn is the most effective neutralizer for the negative 
impact of Fe on the mechanical properties of Al and its 
alloys. Fe is usually added to the HPDC Al alloys to prevent 
die-sticking. Mn (up to 0.6 wt.%) can be added to the alloys 
with high Mg content to replace the Fe for this purpose [6, 
7]. Mn stimulates the formation of the compact (Fe, Mn)-
containing phases and inhibits the formation of acicular-
shaped Fe-containing intermetallics in the HPDC Al–Mg–Si 
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alloys. With the ratio Mn/Fe > 0.5, the predominant phase in 
the system is the compact α-phase [3]. It is also found that 
Mn addition in the amount of 0.6 wt% to Al–Mg–Si alloy 
can increase its properties (such as hardness, tensile, and 
yield strength) by 30% [8, 9].

Ti is a common impurity in Al alloys, and its compounds 
Al3Ti, TiB2 are often used [10, 11] as grain refiners for Al 
alloys. Cantor [12, 13] describes the adsorption model where 
Al-grains’ heterogeneous nucleation occurs on adsorption 
layers of Al3Ti formed on TiB2 particles. Ti addition in 
small amounts does not show any significant impact on the 
mechanical properties of HPDC [14] as well as for PM (per-
manent mold) [15, 16] Al–Mg–Si alloys.

Zn addition to Al (combined with Mg and/or Cu) turns 
alloys to age-hardenable type with the highest strength [17, 
18]. The effect of Zn on the Al–Mg–Si system is equivo-
cal and not studied enough. Thus, Zn addition to the 6000 
alloys does not show any noticeable effect [19, 20]. How-
ever, several recent researches [21–23] have shown signifi-
cant enhancement in the strength characteristics (increase 
in UTS up to 30–40%) of the Al–Mg–Si casting alloys with 
Zn addition.

Cu is one of the most commonly used additions for 
Al–Mg–Si and has the most significant impact from all alloy-
ing elements on the strength characteristics of Al–Mg–Si 
alloys (but with a simultaneous decrease in ductility and 
corrosion resistance) [24, 25].

Even though the influence of the considered elements on 
alloys of the Al–Mg–Si system is well studied in the litera-
ture, these results are difficult to compare with each other 
(due to different casting methods or different composition 
of the base alloys). Therefore, in the current work, not only 
a more detailed study of the effect of these elements on the 
structure is carried out, but also the results of mechanical 
properties are presented to facilitate the comparison of their 
effects.

Materials and Methods

The chemical compositions of the studied alloys are rep-
resented in Table 1. As starting materials, high purity Al 
(A99.997), pure Zn (99%), and pre-alloys AlMg50, AlCu50, 
AlMn26, AlSi25, and AlTi10 were used. All starting materi-
als were preheated before being transferred into an electric 
resistant furnace. The graphite crucibles were used for the 
melt preparation. The melt temperature was maintained at 
720 ± 5 °C. The melt was degassed under Ar atmosphere for 
10 min before casting.

Conventional metallographic techniques were used for 
sample preparation. The alloys’ structure was evaluated 
by SEM (JSM-6510 LV, Japan) using secondary electrons 
(with SEI and LEI detectors). The phase composition was 
measured using SEM EDS (JSM-6510 LV with Energy-Dis-
persive Spectrometry systems). The EDX analysis was per-
formed at an accelerating voltage of 15 kV on polished sam-
ples. A five-point analysis was conducted for each phase, and 
the average was presented as the measurement. The JEOL 
JXA-8100 (operating voltage—15 keV, a spot size—10 μm, 
a step size—0.25 μm, and a dwell time—500 ms) was used 
for the electron probe microanalysis (EPMA).

The thermodynamic and phase diagram calculations for 
multicomponent systems were performed by Thermo-Calc 
software using the TCAl2: Al alloys v2.1 database.

Results and Discussion

Influence of Fe and Mn

In order to understand the phase formation in the stud-
ied alloys, the multicomponent equilibrium phase 
diagrams in the sections Al–5.5Mg–2.5Si–xFe, 
Al–5.5Mg–2.5Si–0.6Mn–xFe, and Al–5.5Mg–xSi–0.6Mn 
are calculated and shown in Fig. 1.

The solubility of Fe in the solid α-Al in the current sys-
tem is close to 0. Before Fe reaches the concentration of 
2.0 wt% (Fig. 1a), the first crystallized phase is α-Al, and the 
crystallization range is stable. When the Fe content reaches 

Table 1   Nominal chemical 
composition and mechanical 
properties of investigated alloys

Chemical composition bal.-Al wt.% Mechanical properties

Alloy Si Fe Cu Mn Mg Ti Zn HB UTS, MPa YS, MPa A, %

F 2.5 0.1 – – 5.5 <0.1 – 70 189 ± 6 129 ± 4 3.6 ± 0.3
M 2.5 <0.1 – 0.6 5.5 <0.1 – 79 225 ± 4 159 ± 4 6.7 ± 1.1
S 4 <0.1 – 0.6 5.5 <0.1 – 71 173 ± 7 126 ± 3 3.4 ± 0.4
T 2.5 <0.1 – 0.6 5.5 0.2 – 74 221 ± 5 157 ± 5 5.2 ± 0.5
Z 2.5 <0.1 – 0.6 5.5 <0.1 1.8 83 245 ± 7 173 ± 5 4.6 ± 0.5
C 2.5 <0.1 1.5 0.6 5.5 <0.1 1.8 85 251 ± 6 176 ± 4 3.3 ± 0.4
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above 2.0 wt%, the primary β-AlFeSi intermetallic phase 
was formed as a prior phase, followed by the α-Al phase for-
mation. The solidification range of the Al–5.5 Mg–2.5Si–Fe 
alloy was increased from 38 °C (below 0.2 wt.% Fe) to 
142 °C at 5 wt.% Fe.

The solubility of Mn in the solid α-Al in the current sys-
tem varies from 0.12 wt.% at 590 °C (eutectic temperature) 
to 0.07 wt.% at 300 °C (Fig. 1b). Before the concentration 

of Mn reaches to the 0.6 wt.%, the first crystallized phase 
is α-Al, and the crystallization range is stable. When the 
Mn content is above 0.6 wt.%, the primary α-AlMnFeSi 
intermetallic phase was formed as a prior phase, followed 
by the formation of the α-Al phase. The solidification 
range of the Al–5.5 Mg–2.5Si–Mn alloy was increased 
from 41 °C (below 0.6 wt.% Mn) to 188 °C at 5.0 wt.% 
Mn.

Fig. 1   Equilibrium diagrams a Al–5.5Mg–2.5Si–xFe; b Al–5.5Mg–2.5Si–0.6Mn–xFe; c Al–5.5Mg–2.5Si–xMn–0.1Fe; d Al–5.5Mg–2.5Si–
0.7Mn–xTi; e Al–5.5Mg–2.5Si–0.6Mn–xZn; f Al–5.5Mg–2.5Si–0.6Mn–1.5Cu–xZn
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Figure 1c shows the equilibrium phase diagram for the 
Al–5.5Mg–xSi–0.6Mn system. This section of the diagram 
can be divided into three areas: 1—with the excess of Mg, 
2—near-equilibrium composition; 3—with the excess of 
Si. When the Si content was below 2.0 wt.%, the primary 
α-Al phase was formed as a prior phase, followed by the 
formation of the α-AlMnFeSi phase and then β-Mg2Si. In 
excess of Mg area, the β-AlMg phase is formed. Alloys in 
this range have the next set of phases: α-Al + α-AlMnFeSi 
+ β-Mg2Si + β-AlMg. The second area lies between 2% and 
3.3% of Si. The increasing of the Si content inhibits the 
formation of the β-AlMg phase. Alloys in this range have 
equilibrium pseudobinary hypoeutectic Al–Mg2Si structure. 
The first crystallized phase in this area is the α-AlMnFeSi 
phase, followed by the formation of α-Al. The third area 
starts at 3.3 wt.% Si and is characterized by the increase in 
the solidification range. The first crystallized phase is still 
α-AlMnFeSi. The next two phases are α-Al and β-Mg2Si. 
The last is Si-reach δ-AlMnFeSi phase. From the literature, 
it is known that this phase is brittle, acicular-shaped, and 
leads to a decrease in mechanical properties of Al–Mg–Si 
alloys in the as-cast state [8, 9].

The Thermo-Calc calculations results are well supported 
by the literature data [3, 26, 27] and by the microstructural 
analysis. The F alloy structure consists of α-Al dendrites, 
Al–Mg2Si eutectic, and a few intermetallic compounds that 
can be identified as α-AlFeSi and β-AlFeSi (see Table 2). 
M alloy consists of α-Al dendrites, Al–Mg2Si eutectic, and 
α-AlMnFeSi intermetallic phase.

Figure  3a–c shows the morphology of intermetallic 
α- AlFeSi and β-AlFeSi phases observed in F alloy. The 
α-AlFeSi has a compact eutectic structure, and the β-AlFeSi 
phase generally has a needle-shaped or plate-like form. 
Figure 3b also shows that the phases of β-AlFeSi, Mg2Si, 
and α-AlFeSi can grow simultaneously, forming eutectic 
clusters. This means that the eutectic clusters were formed 

during the last stage of solidification (Fig. 2a) in the tem-
perature range 585–586 °C.

The significant negative effect of the β-AlFeSi phase on 
the mechanical properties (see Table 1) is associated with its 
stress raising potential (due to its plate- and needle-shaped 
morphology) and its brittle nature [3]. Also, the intermetallic 
plates’ presence increases shrinkage cavities during solidi-
fication and brittleness of alloys because of the blockage of 
the interdendritic channels, thus interfering with the flow of 
liquid metal to fill shrinkage cavities during solidification 
[28]. To neutralize this effect, Mn is used as an alloying 
element. Mn modifies the morphology of Fe-reach inter-
metallics in a rounded-shape, and irregular needle-shaped 
crystals turned into dendritic arms, irregular eutectic or 
compact hexagonal shape (Fig. 3) [29–31]. According to 
[26], α-AlMnFeSi phase is the most stable phase with a ratio 
Fe/Mn < 2.

A possibility of the nucleation of α-AlFeSi and β-AlFeSi 
on the oxidic particles and conglomerates is shown in the 
works [32, 33]. In the present research, no oxidic particle 
inside of these phases was found. Yang et al. [34] investi-
gated the possibility of heterogeneous nucleation of α-Al on 
the primary α-AlMnFeSi intermetallics. It was concluded 
that α-AlMnFeSi particles are potential substrates for nucle-
ation of α-Al dendrites in Al–5.3 Mg–2.4Si–0.6Mn–1.0Fe 
alloy [34]. In the studied Al–5.5 Mg–2.5Si–0.6Mn alloy 
(M alloy), two types of the α-AlMnFeSi phases were found 
(Fig. 3): single particles (or particles conglomerates) that 
tend to faceted (frequently hexagonal) morphology (Fig. 3d, 
e); eutectic (frequently with dendritic-arm morphology) 
phases (Fig. 3f–l).

First type (faceted particles) forms in case of crystalli-
zation of α-AlMnFeSi as a prior phase or simultaneously 
with α-Al in the temperature range 622–588 °C. Similar 
to the results [34], α-AlMnFeSi particles, in this case, can 
be potential substrates for nucleation of α-Al dendrites. 

Table 2   EDX analysis of the 
intermetallics in the studied 
alloys

Phases Alloys Elements, at.%

Mg Al Si Ti V Fe Mn Cu Zn

α-AlFeSi F 0.3 78.4 11.5 – – 9.1 0.7 – –
β-AlFeSi 0.2 69.7 16.2 – – 13.3 0.5 – –
α-AlMnFeSi M 0.2 72.0 10.2 – – 1.1 16.5 – –

S 0.3 73.0 12.2 – – 1.3 13.1 – –
T 0.4 72.2 9.6 0.2 – 2.1 15.4 – –
Z 0.1 72.2 10.3 – – 1.7 15.5 – 0.2

δ-AlMnFeSi S 0.1 64.3 22.6 – – 1.0 12.0 – –
Al3Ti T 0.2 72.6 0.6 25.1 1.0 0.2 0.3 – –
S-AlMgCuZn C 13.6 60.4 0.6 – – – – 24.3 1.0
α-AlMnFeCuSi 0.7 70.8 4.8 – – 2.8 12.8 7.7 0.4
T-AlMgZn C 28.6 48.6 0.1 – – – – 0.2 22.4

Z 30.2 46.2 0.2 – – – – – 23.4
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The second type (eutectic phase) is more frequent in the 
structure due to Fe and Mn’s low content in the M alloy 
leads to the crystallization of α-Al as a prior phase (Fig. 1b, 

d and e). During solidification, this may lead to pushing 
[35] Mn and Fe to the front of the solidification interface. 
Thus, the α-AlMnFeSi phases are mainly precipitate in the 

Fig. 2   Solidification curves of a F, M, S alloys; b M and T alloys; c M, Z, C alloys
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Fig. 3   Morphology of Al(Mn)FeSi phases: a–c intermetallics in F alloy; d–n intermetallics in M alloy; p, r intermetallics in S alloy; o, s volu-
metric models
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interdendritic area and form eutectic clusters together with 
Mg2Si (Fig. 3f, i and l).

The microstructural analysis (Fig. 3g, h, j and k) shows 
that the α-AlFeMnSi phase’s nucleation can occur heteroge-
neously on lamellas and even on the primary Mg2Si crystals. 
The phases are nucleated in such a way crystallized during 
the last stage (Fig. 2a) of the solidification, when all phases 
crystallize together in the temperature range 588–586 °C. 
Figure 2a shows that the addition of 0.6 wt.% Mn does not 
lead to significant changes in the solidification behavior.

Also, the α-AlMnFeSi phase with the morphology of tri-
angular spirals (Fig. 3m and n) was detected. Such morphol-
ogy may indicate that this α-AlMnFeSi phase has a volumet-
ric octahedral morphology (Fig. 5o). It allows explaining the 
formation of such type morphology by the epitaxial growth, 
assuming that α-AlMnFeSi nucleated on the primary octa-
hedral Mg2Si crystal [7].

As reported in [8, 9], the increase in Si content in the 
Al–Mg–Si alloys leads to the formation of metastable poly-
hedral δ-AlMnSi phases. Figure 3p–s shows as-cast mor-
phology and crystallographic indices of the δ-phase. Solu-
tion treatment promotes the dissolution of the metastable 
δ-AlMnFeSi phase and the formation of more stable phases 
(α-AlFeMnSi, β-AlFeSi) [8, 9]. As it was reported in [8, 9], 
the excess Si from the δ-phase dissolves in the α-matrix dur-
ing the solution treatment process. The results of the volume 
fraction of the phases in the solid state are shown in Table 3.

Influence of Ti

In the previous work [15], the effect of Ti on the mechanical 
properties in the studied alloys was discussed. Figure d shows 
the phase diagram of the Al–5.5Mg–2.5Si–0.6Mn–xTi. Ti 
has relatively middling solubility in Al and leads to the 
formation of Al3Ti intermetallics [7, 15]. The peritectic 
concentration in the Al–5.5Mg–2.5Si–0.6Mn–Ti system is 
0.47  wt.% Ti. During cooling, the solubility of Ti decreases 
rapidly and drops below value 0.1% at 400 °C and to near 0 
at RT. α-Al crystallizes as the first phase before 0.06 wt.% 
Ti (area with a stable solidification range). When the Ti 

content increases above 0.06 wt.%, Al3Ti intermetallic phase 
was formed as a prior phase (followed by the formation of 
α-AlMnFeSi and then α-Al phase and Mg2Si phases) and 
so can act as substrates for the nucleation of, e.g., α-Al and 
Mg2Si phases [7]. The liquidus temperature is increased with 
the further increase in the Ti concentration. The solidifica-
tion range of the Al–5.5 Mg–2.5Si–0.6Mn alloy increases 
from 45 to 210 °C at 0.4 wt.% Ti.

The partition coefficient of Ti in the Al K > 1, and there-
fore the concentration of Ti increases from the boundary 
of Al grain to the center (unlike Mg and Si) [15]. It can 
be seen from Fig. 4b that the interdendritic area in the T 
alloy is poor with Ti. Figure 5 shows that Ti addition to 
the Al–5.5 Mg–2.5Si–0.6Mn alloy leads to the formation of 
Al3Ti tetragonal particles (in the centers of equiaxial den-
drites, see fig). Figure 5 represents the preferential morphol-
ogy of the Al3Ti crystals in T alloy. The morphology of the 
primary Al3Ti crystals can be attributed to the hopper type. 
Figure 5d shows a volumetric model with crystallographic 
indices of Al3Ti crystals in the as-cast state.

It has been reported [32, 33] that the oxide particles and 
oxide films are preferred sites for the nucleation of a large 
variety of phases. However, the α-Al dendrites could not 
nucleate directly on oxides due to the non-wettability [32, 
33]. The wettability is one of the most critical points of the 
particle’s possibility to act as a potential nucleus. Thus, it is 
necessary to use either catalyst that can promote the wetting 
force and the adsorption layers, or an intermediate interme-
tallic phase that wets the oxidic particles and, at the same 
time, can be wetted by Al to overcome the problem with 
wetting. In T alloy, the Al3Ti phases can nucleate on the 
oxidic particles [7], but the possibility of nucleation of α-Al 
was not found.

Ti addition to the Al–5.5Mg–2.5Si–Mn alloy illustrates 
well the multistage heterogeneous nucleation. The Al3Ti 
crystals can nucleate at the oxidic nucleating particles 
(Fig. 5d). The formed Al3Ti crystals, in turn, can act as the 
nucleus for α-Al dendrites (Fig. 5a–c). However, if the con-
centration of Ti in the alloy exceeds the peritectic point, the 
Al3Ti phase continues to grow, and Al3Ti conglomerates can 

Table 3   Volume fraction of the 
phases according to Thermo-
Calc calculation, [%]

Phases F M S T Z C

α-Al 90.90 89.16 89.10 88.16 88.93 86.43
Mg2Si 5.74 5.45 8.32 5.20 5.30 5.26
β-AlMg 3.10 3.66 – 4.12 – –
β-AlFeSi 0.26 – – – – –
α-AlMnFeSi – 1.71 1.69 1.94 1.68 1.72
δ-AlMnFeSi – – 1.88 – – –
Al3Ti – – – 0.56 – –
T-AlMgZn – – – – 4.09 5.76
S-AlMgCu – – – – – 0.83
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be formed (Fig. 5f). The density of the Al3Ti compound is 
higher than the density of liquid Al. Therefore, Al3Ti par-
ticles accumulate in the bottom of the crucible by gravita-
tional settling [15, 36]. This effect entails that the formation 
of the Al3Ti particles conglomerates, which, even during the 
intensive stirring, is not milled and stays in the metal after 
crystallization. The presence of conglomerates in the cast 
structure leads to the formation of additional stresses in the 
structure of the alloy, which negatively affects the mechani-
cal properties, especially for thin-walled castings [15, 36].

Influence of Cu and Zn

Figure 1e and f shows changes in the equilibrium phase dia-
gram on the cross section of Al–5.5Mg–2.5Si–0.6Mn and 
Al–5.5Mg–2.5Si–0.6Mn–1.5Cu with increase in Zn content. 
Unlike Ti, Mn, and Fe, Zn has very good solubility in the Al 
at evaluated temperatures. From the phase diagram Fig. 1g, 
it can be seen that Zn in the Al–5.5Mg–2.5Si–0.6Mn alloy is 
not involved in any high-temperature reactions but precipi-
tates as T-AlMgZn phase in the solid state. The T-phase is 
stable in a huge homogeneity region with the stoichiometry 
(Al,Zn)49Mg32 [37–39]. The presence of Zn in the Al–Mg–Si 
alloy does not significantly affect the formation and mor-
phology of the main phases (α-Al, Mg2Si, α-AlMgFeSi) [18, 

23]. However, it inhibits the formation of the β-AlMg phase. 
Addition of 1.5 wt.% Cu leads to the formation of one new 
phase (S-phase). Similar to the T-phase, S-phase forms in 
the solid-state precipitates from the α-Al matrix. Cu addition 
extremely increases the solidification range that negatively 
affects the porosity level of the castings. β-AlMg phase dis-
appears with the addition of 1.5 wt.% Cu [37–39].

The T-AlMgZn phases are precipitated in solid state from 
the α-Al in-between Al–Mg2Si eutectic cells and α-Al den-
drites (Fig. 4c). Figure 6a–c shows the general microstruc-
ture of Z alloy and morphology of the eutectic Zn-contain-
ing T-phase. T-phase has the lowest formation temperature 
among the listed phases in this study. In work [23], it was 
showed that T-phase is sensitive to solidification and cool-
ing rates.

Moreover, as can be seen from Fig. 6, the fragments of 
Mg2Si eutectic and α-AlMnFeSi phase can act as a substrate 
for the nucleation of the T-phase. Thus, the mechanism of 
nucleation of Zn-containing can be attributed to the hetero-
geneous nucleation.

Figure 6d–f shows the general microstructure of C alloy 
and the phases that contain Zn and Cu. The presence of a 
small amount of Cu in the alloy with Zn [23] does not lead 
to the formation of new Cu-containing phases. In such a situ-
ation, the T-phase joined almost all Cu content. With higher 

Fig. 4   EPMA maps a M alloy; b T alloy; c Z alloy
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Cu content, several new phases can be formed in the struc-
ture. Figure 8d shows that S-phase has eutectic morphology 
and grows close to the Mn-containing phase and forms a 
single structure. Since the Mn-containing phase formed ear-
lier (Fig. 1h), it can be assumed that the α-AlMnFeSi phase 
becomes a substrate for heterogeneous nucleation S-phase 
on it. The results of EDX analysis are presented in Tab. 2.

Conclusions

Fe addition leads to the formation of the β-AlFeSi phase 
(needle-shaped and brittle), which leads to decreasing 
ductility of the alloy. Mn addition leads to the formation 
of α-AlMnFeSi intermetallics, which combines impurity 
Fe. This leads to the increasing ductility and other tensile 
properties of the alloy. The highest ductility was achieved 
in the alloy with composition Al–5.5Mg–2.5Si–0.6Mn 

(6.7%). The alloy without Mn shows one of the lowest 
levels of the properties (both strength and ductility) UTS 
up to 189 MPa with elongation of 3.6%.

Cu and Zn improve the hardness and strength of the 
alloys while impairing the ductility. S-AlCuZn and 
T-AlMgZn precipitate in the solid state from the α-Al 
matrix that promotes additional stress concentrators. 
Alloying with Cu and Zn exhibits the best values of hard-
ness and strength (up to 85 HB and UTC = 251 MPa).
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