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Abstract: Investigating the effect of Fe and Si is essential for any new Al-based composition, as
these impurities can be easily found both after primary production and recycling. This study is
dedicated to filling the gap in revealing the phase composition of an Al-6%Mg-2%Ca-2%Zn alloy after
the combined and separate addition of Fe and Si. This was addressed by permanent mold casting
and solid solution heat treatment. The investigation of slowly solidified samples also contributed
to understanding potential phase transitions. It was found that the alloy containing 0.5%Fe can
have nearly spherical intermetallics after heat treatment, whereas a higher Fe content brought the
formation of a needle-shaped Al3Fe intermetallic. We explain this by the formation of a ternary
α-Al + Al10CaFe2 + Al4Ca eutectic, which is more compact in as-cast condition compared to divorced
binary α-Al + Al4Ca and α-Al + Al3Fe eutectics. Similarly, 0.5%Si readily incurred the formation of a
needle-shaped Al2CaSi2 intermetallic, probably also by a binary reaction L→ α-Al + Al2CaSi2. In the
solidified samples, no Mg2Si phase was found, even in slowly solidified samples. This is contrary to
the thermodynamic calculation, which suggests a peritectic reaction L + Al2CaSi2 Mg2Si. Interestingly,
the addition of 0.5%Si caused an even coarser microstructure compared to the addition of 1%Fe,
which caused the appearance of a primary Al3Fe phase. We conclude that the new alloy is more
tolerable to Fe rather than Si. Specifically, the addition of 0.5%Fe can be added while maintaining
a fine morphology of the eutectic network. It was suggested that the morphology of eutectic and
solid solution hardening governed the mechanical properties. The strength of the alloys containing
separate 0.5%Fe (UTS = 215 ± 8 MPa and YS 146 ± 4 = MPa) and the combined 0.5%Fe and 0.5%Si
additions (UTS = 195 ± 14 MPa and YS ± 1 = 139 MPa) was not compromised compared to the alloy
containing 0.5%Si (UTS 201 ± 24 = MPa and YS = 131 ± 1 MPa).

Keywords: Al-Ca alloys; iron; silicon; phase composition; eutectic; intermetallic compounds;
microstructure; mechanical properties

1. Introduction

Eutectic alloys based on Al-Ni [1–9], Al-Ce(La) [9–18], and Al-Ca [17–24] systems have
been considered an alternative to Al-Si alloys because they can also ensure high fluidity and
resistance to hot cracking during solidification. In addition to eutectic-forming elements,
high-soluble elements such as Mg, Cu, and Zn are used to increase the strength by the
formation of shearable precipitates after quenching and aging treatment. It is recognized
that Mg and Zn in Al alloys bring the highest strengthening potential because of their
high solubility in solid (Al) matrix at high temperatures. This solubility sharply decreases
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with cooling, resulting in the precipitation of metastable precursors of MgZn2 and/or
Al2Mg3Zn3 phases. For example, this effect was successful in AA7xxx alloys based on the
Al-Zn-Mg system [25–29].

Many studies have reported that the alloys based on the Al-Ni and Al-Ceeutectic
systems perform very well in additive manufacturing. The thermal stability of rapidly
solidified microstructure is improved compared to Al-Si alloys because of the negligible
solubility of Ni and rare-earth elements [30–34]. However, these alloys have been rarely
reported with conventional casting. Despite the similarities in the eutectic microstructure
with Al-Si alloys, Al-Ni and Al-Ce(La) alloys can hardly be considered a sustainable
alternative because of the high cost of Ni and rare-earth elements. Ca, however, is abundant
in the earth’s crust and has other advantages, such as a low density (1.55 g/cm3) and
the ability to form dense Ca-oxides on the melt surface. In recent research [35], it was
shown that such oxides seal the melt from the surrounding environment, preventing
Mg evaporation. This might be a beneficial feature of lightweight Al-Mg-Ca casting
alloys in addition to a better hot tearing resistance compared to a Ca-free counterpart,
which we reported in [23]. This effect accounts for a very high volume fraction of eutectic
Al4Ca intermetallics. At the same concentration of eutectic element, the amount of binary
intermetallic in Al-Ca eutectic alloy is more than three times higher than in Al-Ni and
Al-Ce(La) alloys or eutectic (Si) particles in Al-Si alloys [36]. This may potentially allow for
an extended window for Ca concentration to control the properties of the alloy.

The Al-Mg alloy family represents an important class of alloys for applications that
require high formability and corrosion resistance. In Al-Ca-Mg alloys, there were no
Al-Ca-Mg compounds reported. Their microstructure consisted of an equilibrium
Al4Ca phase and a non-equilibrium Al3Mg2 phase formed at about 580 ◦C and 445 ◦C,
respectively [37]. The temperature of non-equilibrium solidus does not change significantly
after the addition of Zn [38,39]. The increase in casting properties due to the addition of Ca
was attributed to a lower liquidus temperature and a greater fraction of eutectic Ca-rich
liquid capable of healing cracks [40]. Thus, Al-Mg-Ca-Zn alloys may be a good choice for
lightweight heat-treatable casting alloys that could have optimized density. The density
can be tuned by regulating the Mg/Zn ratio. Specifically, we suggest a Mg/Zn ratio < 3 and
a composition of Al-6%Mg-2%Zn-2% Ca, which can still be strengthened by T’-Al2Mg3Zn3
precipitates and healed during solidification with Ca-rich eutectic liquid [41,42].

The range of phase transformations in Al-Mg-Ca-Zn alloys was investigated in [35,37,38]. One
should note that Zn can substitute Al in the (Al,Zn)4Ca compound, and this phenomenon might
reduce age hardening response as it is observed in the Ca-containing Al-Zn-Mg alloys [23,36,38,39,43].
Therefore, it might be of advantage to bind Ca in other phases, specifically in ternary Al-Ca-X com-
pounds, which can have even finer shapes than binary Al-Ca ones caused by their formation by
ternary eutectic. The range of potential third elements can be large because Ca was found to be
very active in forming phases such as Al10CaFe2, Al2CaSi2, AlCaMn and AlCaCu [19,21,31,35,38,43].
Examination of the effect of Fe and Si seems to be more relevant as it can also cover the poten-
tial for the recyclability of the new alloy. It is worth noting that there is a gap in terms of the
evolution of the microstructure of multicomponent alloys such as Al-Mg-Ca-Zn-Fe-Si. The aim
of this study is to bring insights into the microstructure and properties formation in as-cast and
solution-treated conditions. The results were followed by a discussion about possible changes
in phase equilibria supported by an examination of slowly solidified microstructure along with
thermodynamic calculations.

2. Materials and Methods

2.1. Alloys and Samples Preparation

The experimental alloys with compositions shown in Table 1 were prepared in an
electric resistance furnace (GRAFICARBO GF 1100 N3DT, Zorlesco, Italy) from pure ma-
terials (Al (99.99%), Mg (99.9%) Ca (100%), Zn (99.9%)), and master alloys (Al-10%Fe,
Al-20%Mn, Al-12%Si). The actual chemical compositions of the alloys were close to the
nominal compositions, as determined by spectral analysis. The addition of alloying el-



Metals 2023, 13, 1584 3 of 19

ements was carried out at 750 ◦C followed by regular stirring with a graphite stick to
ensure adequate dissolution of high-melting point elements and homogeneous melt. Argon
purging was applied as a melt-cleaning procedure. The melt was poured at 720 ◦C into
the graphite mold schematically shown in Figure 1a. The mold was not preheated. The
obtained component was a cylindrical bar with a riser, which ensured an adequate density.
The bar was machined into the standard dog-bone cylindrical tensile samples according
to the ASTM E8 standard. The experimental samples for microstructure and hardness
characterization were cut from the riser. The plane facing the bar was examined (Figure 1b).
Microstructure samples were prepared by grinding with SiC abrasive paper and polishing
with 1 µm diamond suspension. Etching in 1% HF aqueous solution was used to improve
the contrast.

Table 1. Chemical composition of the investigated alloys.

Marking
Chemical Composition (Nominal/Actual), wt. %

Al Mg Ca Zn Fe Si

622F Bal. 6 (6.1) 2 (2.2) 2 (2.1) 0.5 (0.6) 0

622F0.7 Bal. 6 (5.8) 2 (2.1) 2 (2.1) 0.7 (0.7) 0

622F1 Bal. 6 (5.7) 2 (1.8) 2 (2.1) 1 (0.9) 0

622S Bal. 6 (5.8) 2 (1.8) 2 (2.1) 0 0.5 (0.4)

622FS Bal. 6 (5.9) 2 (1.9) 2 (2.1) 0.5 (0.5) 0.5 (0.5)

622F1S Bal. 6 (6.0) 2 (2.2) 2 (2.2) 1 (0.9) 0.5 (0.4)

Figure 1. Schematic of the used graphite mold (a) and a bar casting received in the present study (b).

2.2. Microstructure and Phase Transformations Analysis

The commonly used solution treatment temperature of Al-Mg-Mn alloys is the tem-
perature near the nonequilibrium solidus, which is approximately 445 ◦C. In our study, a
temperature of 440 ◦C was chosen. For a more accurate characterization of the structure
components, the samples were melted and cooled slowly in the furnace. This procedure
was supposed to bring us closer to the equilibrium conditions comparable with thermody-
namic calculations. Also, after quenching, an artificial aging was carried out at 200 ◦C for
3 h to stimulate possible precipitation strengthening.

Characterization of microstructure was carried out using a scanning electron micro-
scope (SEM, TESCAN VEGA3, Tescan Orsay Holding, Brno, Czech Republic) equipped
with an energy dispersive microanalyzer (EDS, Oxford Instruments plc, Abingdon, UK)
and a software Aztec version 3.3 SP1 (Oxford Instruments plc, Abingdon, UK).

X-ray diffraction (XRD) analysis was carried out on a Bede D1 System (Bruker, Karl-
sruhe, Germany) with Cu Kα radiation (λ = 0.15406 nm). Fine powder (up to 50 µm in
diameter) milled from the part of the cast bars was examined by XRD.

The fine structure was observed using a transmission electron microscope JEM2100
(TEM, JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 200 kV. Thin foils were
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prepared by mechanical polishing followed by thinning by ion polishing with a Struers
device (Struers, Copenhagen, Denmark) at a voltage of 15 V and a temperature of −40 ◦C
in a chlorine–alcohol electrolyte solution (C2H5OH with 10% HClO4).

Thermo-Calc version TCW5, database TTAL5 (Foundation for Computational Thermo-
dynamics Stockholm, Sweden), was used for thermodynamic calculations [44], including
liquidus projections, polythermal sections, and composition of phases at the room temper-
ature (20 ◦C) and the temperature of solid solution treatment (440 ◦C). Non-equilibrium
solidification was studied via the Scheil–Gulliver model, which assumes no diffusion in the
solid but infinite diffusion in the liquid.

2.3. Physical and Mechanical Testing

Vickers hardness was measured using a Wilson Wolpert 930N hardness tester (Wilson
Instruments, Instron Company, Norwood, MA, USA) under the load of 1 kg and dwell
of 15 s. At least 10 measurements were carried out to obtain statistically representative
results. Mechanical properties were determined by a uniaxial room temperature tensile
test at a strain rate (cross-head speed) of 5 mm/min using a Zwick/Z 250 tensile frame
(Zwick Roell AG, Ulm, Germany). For each condition, the test was repeated three times to
ensure reproducibility.

The theoretical density was determined by calculating the compositions and mass
fractions of the phases using Thermo-Calc software version TCW5, database TTAL5 (Foun-
dation for Computational Thermodynamics, Stockholm, Sweden). The actual density was
determined by hydrostatic weighing by sampling in the air (mA) and in water (mw) on an
HR-202i (A&D RUS, Moscow, Russia) laboratory analytical scale.

3. Results

3.1. As-Cast Microstructure and Phase Identification

Figure 2 shows as-cast microstructures of the experimental alloys that contain a
separate addition of Fe. They are all characterized by primary α-Al dendrites surrounded
by the interconnected eutectic network, which is rich in Ca, Fe, Zn, and Mg, as confirmed
by EDS elemental maps. Because of relatively fast cooling rates, the size factor plays a
significant role during EDS point analysis, and phase identification can be challenging.
However, a simultaneous presence of Zn and Ca in the composition of the eutectic suggests
the formation of a eutectic intermetallic (Al, Zn)4Ca, according to the literature data [45–48]
(Table 2). Phases containing both Mg and Zn were not found. Instead, Mg is likely to form
a nonequilibrium Al3Mg2 phase, which is commonly found in commercial AA5xx alloys.
Importantly, Fe-rich intermetallics drastically change morphology when the Fe content
increases from 0.5 to 0.7% and 1%. In the 622F alloy (Figure 2a,b), Fe-rich intermetallics
were formed within the compact eutectic mixture. In contrast, the 622F0.7 (Figure 2d,e)
and 6221F (Figure 2f,g) alloys exhibit needle- and star-like intermetallics intrinsic to the
Al3Fe phase. It should be noted that there is a negligible difference between dendritic arm
spacings (10 ± 3 µm), which suggests similar solidification conditions.

Table 2. Chemical composition of the phases found in the microstructure of Fe-added alloys.

Phase
Identification

Concentration, wt.% (at.%)

Al Mg Ca Zn Fe Si

As-cast 622F

(Al,Zn)4Ca +
+Al10CaFe2? 75.5 (82.4) 4.8 (5.8) 9.7 (7.2) 7.5 (3.4) 2.5 (1.3) -

Al3Fe 84.8 (87.1) 8.3 (9.4) 0.5 (0.4) 0.8 (0.3) 5.7 (2.8) -
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Table 2. Cont.

Phase
Identification

Concentration, wt.% (at.%)

Al Mg Ca Zn Fe Si

(Al,Zn)4Ca 75.2 (81.7) 5.2 (6.3) 11.5 (8.4) 8.1 (3.6) 0.1 (0.1) -

α-Al 94.5 (94.7) 4.3 (4.8) <0.1 1.2 (0.5) <0.1 -

β-Al3Mg2 88.0 (89.0) 7.6 (8.5) 2.5 (1.7) 1.9 (0.8) - -

As-cast 622F0.7

Al3Fe 84.9 (88.1) 5.7 (6.5) 4.4 (3.1) 3.3 (1.4) 1.7 (0.8) -

Al3Fe +
(Al,Zn)4Ca 81.2 (86.2) 5.7 (6.7) 2.2 (1.6) 1.1 (0.5) 9.8 (5.0) -

As-cast 622F1

Al3Fe 73.9 (83.0) 3.9 (4.8) 0.6 (0.4) 0.7 (0.3) 21.0 (11.4) -

(Al,Zn)4Ca 74.4 (81.2) 5.5 (6.7) 10.9 (8.0) 9.0 (4.0) 0.2 (0.1) -

α-Al 95.5 (95.6) 3.5 (3.9) <0.1 0.9 (0.4) <0.1 -

β-Al3Mg2 76.1 (77.3) 17.4 (19.6) 1.6 (1.1) 4.8 (2.0) <0.1 -

Figure 2. SEM microstructures of the as-cast Fe-added alloys: (a,b) 622F; (d,e) 622F0.7; (f,g) 622F1.
EDS elemental maps: (c) 622F; and (h) 622F1.

Figure 3 shows the size distribution of intermetallic particles seen in the microstructure
of as-cast 622F and 622S alloys. The Feret diameter is defined as the longest distance
between two points in a cloud of pixels in a two-dimensional projection of intermetallic
particles in the SEM image. It can be seen that the addition of Si sharply coarsens the
morphology of the eutectic. Specifically, the number of small particles reduced, whereas
the number of large particles increased.
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Figure 3. Intermetallics size distribution for as-cast alloys 622F and 622S.

A significant coarsening of microstructure in the alloy with the addition of 0.5%Si can
be clearly seen in Figure 4a–c. Thin elongated intermetallics were found to contain large
portions of Ca and Si, likely attributed to the presence of the Al2CaSi2 phase (Table 3) [37,49,50].
Similarly, this phase was found in other Al-Ca alloys with Si addition [51,52]. The solubility of
Si is limited in high Mg alloys; therefore, all Si entered Ca-rich intermetallics, as confirmed by
the corresponding elemental maps. Meanwhile, eutectic α-Al + (Al, Zn)4Ca appeared much
coarser compared to that in the as-cast alloy with 0.5%Fe. In both cases, the formation of a
Ca-rich eutectic network starts with the initiation of the primary phase; then, the formation of
binary eutectic and should end with ternary eutectic reactions L→ α-Al + Al4Ca + Al10CaFe2
and L→ α-Al + Al4Ca + Al2CaSi2. The fraction of this ternary eutectic might influence the
morphology of the intermetallic particles in the network. Considering the finer morphology
of particles in the 622Fe alloy, we assume that the addition of 0.5%Fe allows us to have a larger
fraction of the ternary eutectic compared to the addition of 0.5%Si.

Figure 4. SEM microstructures of the as-cast Si-containing alloys: (a,b) 622S; (d,e) 622F0.5Si;
(g,h) 622F10.5Si. EDS elemental maps for as-cast Si-containing alloys: (c) 622S; (f) 622F0.5Si;
(i) 622F10.5Si.
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Table 3. Chemical composition of the phases found in the as-cast Si-containing alloys.

Phase Identification
Concentration, wt.% (at.%)

Al Mg Ca Zn Fe Si

As-cast 622S

(Al,Zn)4Ca +
Al2CaSi2

58.2 (64.9) 7.9 (9.7) 17.5 (13.1) 8.7 (4.0) - 7.7 (8.2)

α-Al 96.8 (96.8) 2.5 (2.8) <0.1 0.8 (0.3) - <0.1

β-Al3Mg2 68.7 (68.6) 26.1 (28.9) - 4.1 (1.7) - <0.1

As-cast 622FS

(Al,Zn)4Ca +
+Al10CaFe2? 70.1 (79.0) 5.3 (6.6) 3.6 (2.8) 2.7 (1.3) 17.5 (9.5) 0.7 (0.8)

Al3Fe 79.3 (86.1) 4.3 (5.2) 0.5 (0.4) 1.0 (0.5) 14.7 (7.7) 0.1 (0.1)

(Al,Zn)4Ca +
Al2CaSi2

62.6 (68.9) 10.0 (12.2) 13.6 (10.1) 10.0 (4.5) 0.2 (0.1) 2.8 (2.9)

α-Al 96.2 (96.5) 2.8 (3.1) <0.1 0.9 (0.4) <0.1 <0.1

β-Al3Mg2 64.4 (64.5) 29.3 (32.6) 1.3 (0.9) 4.1 (1.7) <0.1 <0.1

As-cast 622F1S

Al3Fe 71.1 (81.9) 2.8 (3.5) 0.2 (0.2) 0.6 (0.3) 25.3 (14.1) <0.1

(Al,Zn)4Ca +
Al2CaSi2

67.6 (75.7) 4.3 (5.3) 15.0 (11.3) 10.0 (4.6) 0.6 (0.3) 2.6 (2.7)

α-Al 94.8 (95.2) 3.2 (4.2) <0.1 1.3 (0.52) <0.1 <0.1

β-Al3Mg2 76.0 (75.9) 19.8 (22.0) 1.3 (0.9) 0.9 (1.2) <0.1 <0.1

The combined addition of 0.5%Fe and 0.5%Si also resulted in the formation of elongated
intermetallics similar to that in the 622S alloy (Figure 4d). However, (Al,Zn)4Ca intermetallics
seem to be more compact. They were occasionally found in the form of “sponge” conglomer-
ates (Figure 4e), which may be more favorable than skeleton eutectic shown in Figure 4b. EDS
elements maps indicate that the sponge-like eutectic network is enriched in Ca and Zn along
with Fe within the light particles (Figure 4f). Whereas Si can be observed in the multiphase
eutectic mixture, the individual Al2CaSi2 or Mg2Si could hardly be detected. Mg is distributed
between α-Al and Al3Mg2. Because of the small amount of Mg in the eutectic, we assume
that the peritectic reaction L + Al2CaSi2→ L + Mg2Si was suppressed. Similar suppression
also occurred in the 622S alloy. Thus, in the as-cast Si-containing alloys, the microstructure
consists of α-Al dendrites decorated by (Al,Zn)4Ca + Al2CaSi2 eutectic with a composition
given in Table 3. The presence of Mg, Ca, and Zn in the phases with Fe can be explained by
the size effect. In the 622F1S alloy, eutectic is as coarse as in the 622S alloy, likely because
of the appearance of the primary Al3Fe phase, which has a needle-like and rarely compact
morphology (Figure 4g,h). Interestingly, the Fe-rich intermetallics in the alloy with 1%Fe
maintain a smaller size than (Al,Zn)4Ca and Al2CaSi2 intermetallics in the alloys with only
Si addition.

XRD analysis of as-cast 622F (Figure 5a), 622S (Figure 5b), and 622FS (Figure 5c) alloys
confirmed the SEM/EDS observations except for the possible appearance of the Al10CaFe2
phase. The corresponding XRD profiles reveal (Al) peaks of different widths that might be
attributed to the uncontrolled microstrain that appeared as a result of a powder preparation.
The Al4Ca compound was readily found in all alloys, whereas the Fe-containing alloys
clearly showed an Al3Fe compound, and the Si-containing alloys the Al2CaSi2 compound.
The β-Al3Mg2 phase was also identified, but the peaks were too small, which can be
attributed to a small fraction of this phase.
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Figure 5. XRD profiles of as-cast 622F (a), 622S (b), and 622FS (c) alloys.

3.2. Microstructure and Phase Composition of Solid Solution-Treated Alloys

The microstructure of the solution-treated alloys is given in Figure 6. It can be seen that
eutectic intermetallics are more prone to spheroidization in Fe-containing alloys than in Si-
containing alloys. This is likely attributed to the high thermal stability of eutectic particles
and a coarse as-cast morphology of the Al2CaSi2 intermetallics. The β-Al3Mg2 could not
be observed in the microstructure nor detected by XRD (Figure 6e,f), signifying that Mg
dissolved in the α-Al solid solution. The composition of α-Al is presented in Table 4. All
alloys have nearly identical Mg solute content, which is close to the Mg content in the alloys’
chemical composition. This confirms that no Mg is bound in intermetallics with Ca, Si, or Fe.
Meanwhile, Zn is still distributed between α-Al and (Al,Zn)4Ca intermetallics. Comparing
the compositions of (Al,Zn)4Ca in as-cast (Table 2) and solution-treated states (Table 3), it
can be found that more Zn dissolves in these intermetallics after heat treatment. During
EDS analysis, some Si was found in the (Al,Zn)4Ca phase, suggesting a close arrangement
with the Al2CaSi2 phase during solidification.

Figure 6. SEM microstructures (a–d) and XRD profiles (e,f) of the alloys after SSHT at
440 ◦C for 4.5 h: (a,e) Al6Mg2Ca2Zn0.5Fe; (b) Al6Mg2Ca2Zn1Fe; (c) Al6Mg2Ca2Zn0.5Si;
(d,f) Al6Mg2Ca2Zn0.5Fe0.5Si.
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Table 4. Chemical composition of α-Al and eutectic (Al,Zn)4Ca of the alloys after solid solution heat
treatment at 440 ◦C for 4.5 h.

Element
Chemical Composition of the Phase in the Experimental Alloys, wt.% (at.%)

622F 622F0.7 622F1 622S 622FS 622F1S

α-Al

Al 92.5 (92.3) 92.4 (92.3) 92.3 (92.2) 92.8 (92.6) 93.0 (92.7) 92.9 (92.7)

Mg 6.7 (7.4) 6.6 (7.3) 6.5 (7.3) 6.4 (7.1) 6.3 (6.9) 6.3 (7.0)

Zn 0.8 (0.3) 0.8 (0.3) 0.8 (0.3) 0.8 (0.3) 0.8 (0.3) 0.8 (0.3)

(Al,Zn)4Ca

Al 76.4 (83.3) 75.0 (82.5) 72.2 (80.6) 61.2 (70.5) 60.1 (69.0) 55.7 (67.2)

Mg 4.3 (5.2) 4.0 (4.9) 4.1 (5.0) 5.0 (6.4) 5.4 (6.9) 3.0 (4.0)

Ca 9.6 (7.0) 10.6 (7.8) 11.9 (9.0) 17.2 (13.3) 17.5 (13.5) 21.9 (17.8)

Zn 9.1 (4.1) 9.9 (4.5) 11.7 (5.4) 13.7 (6.5) 12.7 (6.0) 17.4 (8.7)

Fe 0.6 (0.3) 0.1 (0.1) 0.1 (0.1) - 0.2 (0.1) -

Si - - - 2.9 (3.2) 4.1 (4.5) 2.0 (2.3)

3.3. Investigation of the Microstructure of the Slowly Solidified Alloys

The SEM microstructures of slowly solidified samples were combined with EDS elemen-
tal maps (Figure 7). A significant increase in the size of all phases compared to cast samples
was found. A larger size may allow for providing a more reliable phase identification. In
all Fe-containing alloys, skeleton-like crystals of (Al,Zn)4Ca phase decorate the α-Al matrix.
A light BSE contrast of these intermetallics suggests a high content of dissolved Zn. Light-
elongated and star-shaped crystals corresponding to the Al3Fe intermetallics were found
even in the 622F alloy, whereas they were not very pronounced in the cast alloys. The only
difference between the alloys containing 0.5% and 1% Fe is the size of the Al3Fe intermetallics.
Thus, it can be assumed that the possible peritectic reaction L + Al3Fe→ L + Al10CaFe2 at
concentrations of 0.5–1% Fe and 6% Mg is suppressed at low cooling rates. Since no Mg2Si
could be found, a peritectic reaction L + Al2CaSi2→ L + Mg2Si was also suppressed. Si is often
found close to the compound (Al,Zn)4Ca. This may suggest that the Al2CaSi2 intermetallic
serves as a substrate for the crystallization of the (Al,Zn)4Ca intermetallic. This assumption
may explain the elongated shape of (Al,Zn)4Ca intermetallics in the as-cast microstructure
and their complex composition.

Figure 7. Cont.
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Figure 7. SEM microstructures (a,c,e,g,i) and EDS elemental maps (b,d,f,h,j) of the slowly solidified
alloys: (a,b) 622F; (c,d) 622F1; (e,f) 622S; (g,h) 622F0.5Si; (i,j) 622F10.5Si. EDS analysis points are
indicated by red stars.

Two types of phases with a similar BSE contrast forming a single conglomerate may
deserve special attention. EDS elemental mapping and point analysis (Table 5) indicate that
one of them contains an appreciable amount of Mg and Zn, suggesting the (Al,Zn)3Mg2
phase. The other part of this conglomerate contains Mg and Ca. Its stoichiometric composi-
tion may suggest the compound Al2(Mg,Ca). Meanwhile, the homogeneous range of this
compound is probably narrow because the Mg atomic concentration is about three times
higher than Ca. As these conglomerates are in contact with (Al,Zn)4Ca in some places,
a mechanism for their nucleation and growth can be assumed. The formation probably
takes place at the moment of Mg and Zn solute pile-up, followed by the formation of the
non-equilibrium (Al,Zn)3Mg2 phase on another eutectic phase (Al,Zn)4Ca, which may
serve as a substrate. As a result, due to the activity of Mg, the Mg atoms are replaced by Ca
atoms, followed by a change in the crystal lattice.

Table 5. Chemical composition of the phases found in the slowly solidified alloys.

Phase Al Mg Ca Zn Fe Si

Slowly solidified 622F

α-Al 93.1 (93.4) 5.2 (5.8) <0.1 1.1 (0.5) <0.1 -

Al3Fe 61.0 (76.4) - 1.2 (1.0) - 37.5 (22.7) -

(AlZn)4Ca 57.9 (70.7) - 25.4 (20.9) 16.7 (8.4) - -

Al2(MgCa)? 61.8 (64.2) 21.8 (25.2) 13.4 (9.4) 2.9 (1.2) - -

(AlZn)3Mg2 57.0 (58.2) 33.0 (37.3) 1.2 (1.0) 8.9 (3.7) - -
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Table 5. Cont.

Phase Al Mg Ca Zn Fe Si

Slowly solidified 622F1

α-Al 93.3 (93.1) 5.9 (6.6) - 0.7 (0.3) <0.1 -

Al3Fe 61.7 (76.8) 0.2 (0.3) - - 37.8 (22.7) -

(AlZn)4Ca 59.9 (71.8) 0.6 (0.8) 24.6 (19.8) 14.6 (7.2) <0.1 -

Al2(MgCa)? 63.1 (65.1) 21.6 (24.7) 13.4 (9.3) 1.9 (0.8) <0.1 -

(AlZn)3Mg2 58.3 (58.6) 34.0 (37.9) 0.9 (0.6) 6.8 (2.8) <0.1 -

Slowly solidified 622S

α-Al 94.1 (94.0) 5.1 (5.7) - 0.8 (0.3) - -

(AlZn)4Ca
(+Al2CaSi2) 53.0 (66.4) 6.6 (9.2) 21.5 (18.2) 11.9 (6.2) - 6.9 (7.7)

(AlZn)4Ca 53.5 (67.0) 2.6 (3.6) 21.0 (17.7) 22.6 (11.7) - 0.3 (0.3)

(AlZn)3Mg2 62.7 (64.9) 26.0 (29.8) 3.3 (2.3) 7.2 (3.1) - 0.8 (0.8)

Slowly solidified 622F0.5Si

α-Al 93.9 (94.0) 5.0 (5.6) - 1.0 (0.4) - <0.1

Al3Fe 62.2 (77.0) 0.3 (0.4) 0.5 (0.4) 0.5 (0.3) 36.1 (21.6) 0.2 (0.2)

(AlZn)4Ca
(+Al2CaSi2) 44.0 (52.0) 8.1 (10.6) 24.4 (19.4) 13.2 (6.5) <0.1 10.2 (11.5)

Al2CaSi2 36.6 (40.9) 0.2 (0.3) 27.0 (20.3) 0.2 (0.1) - 35.8 (38.4)

(AlZn)4Ca 54.0 (67.2) 1.1 (1.6) 23.5 (19.7) 20.5 (10.5) <0.1 0.9 (1.0)

Al2(MgCa)? 62.7 (64.5) 23.0 (26.3) 11.8 (8.2) 2.5 (1.0) - -

(AlZn)3Mg2 57.4 (58.3) 33.4 (37.6) 1.1 (0.8) 8.0 (3.4) <0.1 <0.1

Slowly solidified 622F10.5Si

α-Al 93.6 (93.9) 5.0 (5.6) - 1.3 (0.5) - -

Al3Fe 62.0 (76.8) 0.4 (0.5) - - 35.7 (21.4) 0.2 (0.1)

Al2CaSi2 36.6 (40.9) 0.3 (0.3) 27.1 (20.3) <0.1 - 35.7 (38.3)

(AlZn)4Ca 54.8 (67.7) 0.8 (1.1) 24.3 (20.2) 19.0 (9.7) - 1.2 (1.4)

Al2(MgCa)? 62.8 (64.6) 22.9 (26.2) 11.9 (8.2) 2.5 (1.0) - -

(AlZn)3Mg2 58.7 (59.4) 32.6 (36.7) 0.6 (0.6) 7.6 (3.2) - 0.1 (0.1)

The hardness is improved by the addition of Fe, whereas it drops after the addition
of Si (Figure 8a). The tensile tests were carried out for the solution-treated alloys 622F,
622S, and 622FS (Figure 8b). Accordingly, the 622S alloy has the smallest yield strength,
whereas the 622F has the largest yield strength. There is a slight increment in yield strength
after the combined addition of 0.5%Fe and 0.5%Si. The results suggest that Fe-containing
alloys can contain more solute, contributing to yield strength. Similarly, the ultimate tensile
strength is much smaller in 622S and 622FS alloys than in the 622F alloy, which is probably
because the Si-containing alloys start necking earlier due to a coarser eutectic. One should
note that the base alloy without Fe and Si has relatively higher ductility compared to the
investigated alloys. The lower elongation could be explained by an increased total fraction
of intermetallics as well as the coarse morphology of Al3Fe and Al2CaSi2 phases.
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Figure 8. (a) Hardness of the experimental alloys in as-cast state and after solid solution heat
treatment at 440 ◦C for 4.5 h; (b) stress–strain curves of the experimental alloys Al6Mg2Ca2Zn0.5Fe,
Al6Mg2Ca2Zn0.5Si, and Al6Mg2Ca2Zn0.5Fe0.5Si compared with the base 622 alloys after solid
solution heat treatment at 440 ◦C for 4.5 h.

4. Discussion

4.1. Liquidus Surfaces of the Al-Mg-Ca-Zn-(Fe)-(Si) System

The liquidus surfaces in the Al-Mg-Ca-Zn-Fe system (Figure 9a) at 2%Zn and 0.5%Fe
show three equilibrium regions corresponding to the α-Al, (Al,Zn)4Ca, and Al3Fe phases. It
can be seen that in this system, the boundary of the appearance of the primary (Al,Zn)4Ca
phase is shifted toward α-Al, which is contrary to the Al-Ca binary system [37]. Meanwhile,
the region for the existence of the primary Al3Fe phase is limited to alloys containing up
to 5% Ca and 0.5–0.9%Fe (Figure 9b). In the alloys with a total Mg + Ca ≤ 4, the primary
crystallization region for α-Al (dotted line in Figure 9a) decreases considerably with increas-
ing Fe up to 1%. Al-Ca alloys with up to 2%Mg and 0.5%Si will begin their solidification
from the formation of a ternary Al2CaSi2 phase (Figure 9c). The liquidus surface of the
Al-Mg-Ca-Zn-Fe-Si system as a function of Si and Ca concentrations (Figure 9d) shows that
the primary crystallization of Al2CaSi2 happens at relatively large Ca and Si concentrations.
At the constant Si, an increase in Ca promotes the appearance of primary Al3Fe and Al4Ca
phases. It can be seen in Figure 9e that at 2%Ca, the Si content can be high enough with-
out the risk of significant enlargement of the primary crystallization region and that this
concentration does not influence the Fe limit of 0.7%. On the contrary, it changes the area
of the primary crystallization phase regions to a large extent, as shown in Figure 9f. Thus,
we have found out that the experimental alloys were not supposed to have any primary
crystals apart from the Al3Fe in the 622F1, which was confirmed accordingly in the slowly
solidified microstructure.

4.2. Polythermal Phase Diagram Cross-Section Calculation for Investigated Alloys of
Multicomponent Systems Al-Mg-Ca-Zn-Fe-Si

The polythermal section of Figure 10a shows that 0.5%Fe is optimal to avoid the
formation of Fe-rich primary crystals because a high Mg content allows for the shift of
the primary crystallization area toward α-Al [4]. In this case, even up to 0.7% Fe does not
affect the liquidus temperature, which remains almost unchanged (611 ◦C) (Figure 8c—blue
dotted lines). The equilibrium solidification ends at about 525 ◦C, in the region of ternary
L→ Al3Fe + Al4Ca + α-Al eutectic. The polythermal section of the Al-Mg-Ca-Zn-Si system
(Figure 10b) seems to be more complex than the Al-Mg-Ca-Zn-Fe system because there are
twice as many regions in equilibrium in the temperature interval of 500–600 ◦C. Specifically,
the horizontal line at ~560 ◦C corresponds to the mono variant (interval smaller than 1 C
at 0.5% Si) peritectic reaction L + Al2CaSi2 → L + Mg2Si. As a result of this reaction, the
Al2CaSi2 phase disappears, and crystallization continues in the three-phase region. In the
alloys containing a small amount of Si, this transformation does not happen. Similarly to
the Al-Mg-Ca-Zn-Fe alloys, the crystallization ends in the four-phase region α-Al + Al3Fe
+ Al4Ca + Mg2Si + T-(Mg32(AlZn)49). The polythermal section of the Al-Mg-Ca-Zn-Fe-Si
diagram on the Fe side (black lines in Figure 10c) is similar to the system without Si. The
only difference is in the formation of the peritectic reaction L + Al2CaSi2→ L + Mg2Si, after
which the liquid phase can still be observed. The alloys with a small Fe content should
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not contain the Al3Fe phase, and there is also no peritectic reaction. If more than 0.7%Fe is
present in the alloy, the crystallization should start with the formation of the Al3Fe phase,
after which the crystallization proceeds similarly to the alloys, either with or without Si.

Figure 9. Calculated liquidus surfaces of Al-Mg-Ca-Zn-(Fe)-(Si) system in the region of the studied
alloys: at (a) 2% Zn, 0.5% Fe (black line), and 2% Zn, 1% Fe (dotted line); (b) 6% Mg, 2% Zn; (c) 2%
Zn, 0.5% Si; (d) 6% Mg, 2% Zn, 0.5% Fe; (e) 6% Mg, 2% Ca, 2% Zn; (f) 6% Mg, 2% Zn, 1% Fe. The
position of the alloys is indicated by red squares.

Figure 10. Calculated polythermal sections of Al-Mg-Ca-Zn-(Fe)-(Si) system in the region of the
studied alloys: (a) combined sections at 0.5% Fe (black) and 1% Fe (blue dotted), 6%Mg, 2%Zn;
(b) at 6%Mg, 2%Ca, 2%Zn; (c) combined cross sections at 6%Mg, 2%Ca, 2%Zn (blue dotted) and 6%
Mg, 2%Ca, 2%Zn, 0.5%Si (black); (d) zoomed fragment of the vertical cross-section (see Figure 10c)
at 6%Mg, 2%Ca, 2%Zn, 0.5%Si (black). The positions of the alloys are indicated by dotted red
vertical lines.
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4.3. Non-Equilibrium Crystallisation of the Experimental Alloys According to the
Scheil–Gulliver Model

A slight reduction in liquidus temperature after the addition of Fe in the base alloy
has been reported [41]. The real solidification ends in the four-phase region Al3Fe + Al4Ca
+ α-Al + T-(Mg32(AlZn)49). The critical temperatures of equilibrium and nonequilibrium
crystallization are shown in Figure 11.

Figure 11. Calculated equilibrium and nonequilibrium crystallization curves according to the Scheil–
Gulliver model for the studied alloys: (a) 622F; (b) 622F1; (c) 622S; (d) 622F0.5Si; (e) 622F10.5Si.

4.4. Calculated Phase Composition

All alloys have approximately the same fraction of second phases, which is about
25% (Table 6). The fraction of (Al,Zn)4Ca, T-(Mg32(AlZn)49), and Mg2Si phases in all
alloys is constant, except for alloys 622F and 622F1, which have a smaller amount of the
Mg-containing phases. For alloys containing more than 5% Mg, homogenization at 440 ◦C
is the most commonly used temperature [4]. The phase composition of all alloys at this
temperature does not contain excess phase T-(Mg32(AlZn)49). This leads to the formation
of α-Al supersaturated solid solution.

Table 6. Calculated mass and volume fractions of phases in alloys at as-cast state (t = 25 ◦C) and after
solid solution heat treatment (t = 440 ◦C).

Alloy State
Fraction of the Phase (1 QM (2 QV)), %

α-Al Al3Fe Al4Ca T-
(Mg32(AlZn)49) Mg2Si

622F

As-cast

73.83 (71.65) 1.23 (0.87) 7.39 (8.60) 17.55 (18.88) -

622F1 72.53 (70.38) 2.45 (1.74) 7.39 (8.60) 17.64 (18.98) -

622S 76.09 (73.83) - 7.39 (8.60) 15.15 (16.11) 1.37 (1.87)

622FS 74.86 (72.43) 1.23 (0.87) 7.39 (8.57) 15.16 (16.26) 1.37 (1.86)

622F1S 73.57 (71.74) 2.45 (1.45) 7.39 (8.64) 15.24 (16.29) 1.37 (1.88)

622F

SSHT

91.63 (90.81) 1.22 (0.87) 7.15 (8.33) - -

622F1 90.40 (89.62) 2.45 (1.74) 7.16 (8.34) - -

622S 91.50 (89.38) - 7.13 (8.29) - 1.37 (1.87)

622FS 90.28 (88.97) 1.22 (0.87) 7.14/8.31) - 1.36 (1.86)

622F1S 89.05 (88.06) 2.5 (1.74) 7.14 (8.33) - 1.36 (1.86)
1 QM—mass fraction of phase, 2 QV—volume fraction of phase.
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4.5. Analysis of Samples after Quenching and Artificial Ageing

The samples subjected to artificial aging were studied to confirm the absence of
hardening T’-(Mg32(AlZn)49) precipitates due to lack of Zn. One should expect an increase
in hardness as a result of the formation of Zn-containing precipitates. However, based on
the results of the Vickers hardness measurements, we found a slight decrease in hardness
values compared to the solution-treated state (Table 6). We associate this fact with the
decrease in Mg content in α-Al and precipitation of β-Al3Mg2 metastable precursors, which
do not bring any strengthening effect [53]. These crystals can be seen in the SEM image
shown in Figure 12a. EDS point analysis confirms the correspondence of the atomic ratio of
Mg and Al to the β-Al3Mg2 phase (Figure 12b). The concentration of dissolved Zn in this
compound corresponds to the data from [37]. The β-Al3Mg2 with a linear size of 50–100 nm
can be seen along the grain boundaries and inside the α-Al matrix in the light and dark
field TEM images shown in Figure 12d–g. The diffraction pattern confirms the crystal
lattice of the β-Al3Mg2 phase.

Figure 12. SEM microstructure of slowly solidified 622FS alloy subjected to artificial aging (a),
corresponding EDS spectrum (b), and elemental maps (c); TEM analysis of cast sample after solution
treatment and aging (d–g). Bright-field (d,e); dark-field Al3Mg2 (f); the corresponding selected area
electron diffraction (SAED) pattern (g).

Based on the calculated data, the phase composition appears to be quite complex. The
experimental results do not necessarily comply with the equilibrium calculations and the
Scheil–Gulliver model. The real and calculated phase composition has been most accurately
determined in the Al-Mg-Ca-Zn-Fe five-phase system. Previous studies [21,24,36,38] sug-
gested the existence of a ternary intermetallic Al10CaFe2 formed by the peritectic reaction
L + Al3Fe→ (α-Al) + Al10CaFe2 but could not find reliable confirmation. T-(Mg32(AlZn)49) is
also missing because of significant Zn solubility in α-Al and (Al,Zn)4Ca phase. This results
in the formation of an excessive amount of non-equilibrium eutectic phase β-Al3Mg2. In
the alloys with Ca, the expected peritectic reaction L + Al2CaSi2→ L + Mg2Si is completely
suppressed, and, therefore, we detected only one Si-bearing intermetallic, Al2CaSi2, in the
microstructure. Thus, the theoretical analysis performed agrees well with the experimental
results with a remark for the incompleteness of peritectic reactions.

As can be seen from the results in Table 7, the alloy with 0.5%Fe has the most favorable
combination of mechanical properties, which are similar to the base alloy 622 [23,54].
Compared with the standard cast alloys, such as 512.0 or 535.0, the 622F alloy has either
similar or higher values (Table 7). Based on the results of the qualitative and quantitative
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evaluation of the microstructure and mechanical properties, we conclude that Al-6%Mg-
2%Ca-2%Zn doped with 0.5%Fe is optimal in terms of the fragmented eutectic particles
after solid solution treatment, superior mechanical properties, and low density which are
summarized in Table 6. Based on the comparison of qualitative microstructure parameters
and non-equilibrium crystallization data (Figure 11a) with the original alloy from [54], it
may be assumed that alloy 622F can have a similar level of casting properties, which is a
subject of future study.

Table 7. Physical and mechanical properties of the investigated as-cast and solution-treated alloys.

Alloy

Measured Parameter

Theoretical
Density,

g/cm3

Actual
Density,

g/cm3

Hardness in
as-Cast

State, HV

Hardness
after SSHT,

HV

Hardness
after T6, HV

2 YS, MPa 2 UTS, MPa 2 El, %

622F 2.615 1 2.601 90.7 ± 1.6 91.5 ± 1.2 91.1 ± 2.1 146.3 ± 3.5 215.0 ± 7.8 1.7 ± 0.1

622F1 2.623 1 2.612 92.2 ± 2.3 94.4 ± 1.5 93.8 ± 1.9 - - -

622S 2.604 1 2.599 88.7 ± 3.6 90.0 ± 2.7 89.7 ± 2.3 130.7 ± 0.6 201.3 ± 23.5 1.8 ± 0.9

622FS 2.607 1 2.611 90.3 ± 3.4 93.5 ± 2.9 92.7 ± 1.5 138.7 ± 0.6 195.3 ± 14.3 1.1 ± 0.4

622F1S 2.628 1 2.625 90.6 ± 4.2 98.7 ± 1.7 93.5 ± 2.5 - - -

622 [23,54] - 1 2.585 91.3 ± 1.1 92.6 ± 2.3 - 132.3 ± 4.0 217 ± 5.3 2.5 ± 0.5

512.0 [4] - - 3 50 - - 3 90 3 140 3 2

535.0 [4] - - 4 60–90 - - 4 125 4 240 4 8

710.0 [55] - - 4,5 65 - - 4 130 4 210 4 4

1 Accuracy of the density measurement was 0.001 g/cm3. 2 Yield strength, tensile strength, and elongation were
measured after SSHT. 3 Properties in sand casting. 4 Properties in permanent mold casting. 5 Brinell hardness.

5. Conclusions

• Using Thermo-Calc software, the phase diagram of the Al-Mg-Ca-Zn-Fe-Si system
has been constructed. The qualitative and quantitative phase composition of the
investigated alloys and their critical temperatures have been determined. The alloys
with up to 0.7%Fe should not contain the primary Al3Fe phase. The total calculated
mass fraction of all phases in all investigated alloys was more than 25%. Except for
the peritectic reactions, the experimental results agreed with the calculations;

• The alloy Al-6%Mg-2%Ca-2%Zn-0.5%Fe was found to have a microstructure con-
taining an ultrafine multiphase eutectic. The alloy also showed superior mechanical
properties compared to the Si-containing alloys and some standard alloys. The Fe-
containing intermetallics were finely incorporated in the eutectic, and their sizes did
not exceed 3 µm. A higher Fe concentration leads to the formation of primary Al3Fe
crystals whose sizes are even smaller than those of the Al2CaSi2 phase found in the
Si-containing alloys;

• In the microstructure of slowly solidified Al-6%Mg-2%Ca-2%Zn-0.5%Fe alloy, the
ternary Al10CaFe2 intermetallic was not revealed. This indicates that the possible
peritectic reaction L + Al3Fe→ α-Al + Al10CaFe2 does not take place in the considered
range of Mg, Ca, and Fe concentrations;

• The Si-containing alloys show coarser eutectic, which was characterized by needle-
shaped elongated colonies. EDS analysis showed the presence of Ca, Zn, and Si, which
allowed us to identify (Al,Zn)4Ca and Al2CaSi2 intermetallics. Since no other phases
with Si were found, we can conclude that the peritectic reaction L + Al2CaSi2 → L +
Mg2Si was suppressed;

• The complex composition of (Al,Zn)4Ca + Al2CaSi2 intermetallics mixture suggests
that the aluminide Al2CaSi2, due to earlier crystallization, could be a substrate for
the other intermetallic phases with Ca, resulting in their coarser morphology. Assum-
ingly, the higher brittleness of such a complex compound leads to lower mechanical
properties (YS 131 MPa versus 146 MPa in 622S and 622F, respectively) and ductility.
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