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Abstract: The excellent casting behavior and mechanical and corrosion properties of aluminum-
silicon (Al-Si)-based alloys make them ideal for the manufacture of lightweight components with
complex geometries. However, these properties depend directly on their microstructure, which, in its
turn, is strongly affected by the composition of the alloy, among other factors. Several elements can be
added to the material aiming to promote microstructural changes, e.g., grain refinement, optimization
of phase morphology and distribution, and precipitation strengthening. Efforts are continuously
put into such enhancements of cast Al alloys since they lead to quality improvements that allow for
weight reduction and safety increase. Considering the technological relevance of the subject, this
paper provides an overview of the research focused on the addition of alloying elements to these
alloys, with a greater focus on Al-Si-based systems and the comprehension of the effects of these
additions on their microstructure and properties.
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1. Introduction

Aluminum (Al) alloys are employed in various industrial segments that rely on
their reduced weight combined with good mechanical, corrosion, thermal and electrical
properties. Despite their relatively low strength, their strength-to-weight ratio is superior
to those of most metals [1]. Aluminum is one of the most versatile metals for casting, being
extensively used in the automotive industry due to its extremely valuable weight-saving
potential. As of 2015, there were more than 300 casting aluminum alloys registered at The
Aluminum Association (Arlington, VA, USA). Its advantages for casting include its low
melting point, negligible gas solubility (except for hydrogen) and good surface finishing of
cast products. On the other hand, some alloy classes present considerable solidification
shrinkage. Also, high dispersion of mechanical properties is observed, and these properties
are usually lower than those obtained in wrought alloys [2].

Silicon (Si)-containing alloys are the most relevant for casting, especially to the en-
hanced fluidity provided by high amounts of the eutectic Al-Si phase and by silicon’s
enthalpy of fusion (1810 kJ/kg, against 395 k] /kg for aluminum), that increases the time
during which the melted alloy can flow through a mold before becoming too cold. Other
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(Al—7% Si—0.5% Mg, or simply Al-75i-0.5Mg) alloys [2]. These alloys are widely used
in the fabrication of automotive components, which, though not as strong as forged ones,
are preferred due to higher design versatility, dimensional accuracy and still acceptable
strength levels. Casting alloys for the automotive industry must, in general, present low hot
tearing and shrinkage susceptibility, and high impact, fatigue and corrosion resistance [4].

To define properties, several elements can be added to aluminum alloys. These addi-
tions may act according to various mechanisms upon the microstructures and properties of
alloys. Main mechanisms for improvement of cast alloys include microstructural refine-
ment, both in terms of dendritic arm spacing and of dendritic grains; modification of the
morphology of eutectic phases, leading to refinement, globularization and homogeneous
distribution; modification or neutralization of iron (Fe)-rich intermetallics, provided that
Fe is the most critical impurity in cast Al alloys, promoting phases with the embrittling
character when combined with Al and Si; and promotion of precipitates, including during
aging treatment, that can increase hardness, strength and thermal stability. In these alloys,
elements can be categorized into three groups, although one should bear in mind that, at
times, a single element can perform more than one role [3,5]:

e  Main/basic elements are added in higher amounts and mainly control castability and
the evolution of properties;

e Secondary/doping elements in lower amounts provide support for effects such as
solidification behavior control, microstructural refinement and modification of phase
morphology, promotion or suppression of secondary phase formation and reduction
of oxidation.

e Impurities, being elements whose control is limited due to the fabrication process, can
affect castability and form insoluble phases that may either limit or, at times, improve
certain properties.

The comprehension of the effects of different additions to Al castings is of vital im-
portance to the design and improvement of alloys. Such developments can lead to several
positive outcomes, such as superior performance of components and reduction of weight
and energy consumption. Features most extensively reviewed in the literature are the
effects of iron (e.g., [6]) and strontium (e.g., [7]) on the quality and microstructure of Al-Si-
based alloys. More recent reviews provide relatively summarized discussions about the
effects of alloying elements due to the assessment of additional aspects, such as particle
reinforcements [8] and processing conditions [9]. Campbell developed a brief review cover-
ing several points ranging from nucleation and growth of eutectics and oxides to texture
development and hydrogen embrittlement in Al alloys [10]. However, no work has been
carried out in-depth to compile and discuss the effects of alloying additions according to
the main effects they can impart on these alloys.

In this context, the purpose of this review is to provide a critical assessment of the effect
of additions to casting aluminum alloys, with a focus on, but not limited to, hypoeutectic
Al-Si-based alloys. Such an effect is mainly characterized in terms of microstructural
evolution correlated with mechanical properties and, to a lesser extent, corrosion behavior.
It encompasses a wide range of elements, which were divided into six categories, as
illustrated in Figure 1, primarily defined according to the main purposes of their addition
to alloys. These involve main elements, eutectic morphology modifiers, grain refiners, and
iron and modifiers of the (3-AlFeSi. One section was dedicated to rare earth elements, and
a sixth section comprised other transition elements added with general purposes, such as
dispersoid precipitation to enhance high-temperature properties. All alloy compositions
are provided in weight percent unless otherwise stated, even when the percent symbol is
omitted for simplification.
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Figure 1. Representative periodic table with indication of the main elements covered in this review,
classified into specific groups according to different colors.

2. Effects of Alloying Elements
2.1. Main Elements

As aforementioned, silicon is the main addition to cast aluminum alloys due to its
positive effect on fluidity. Abdel-Jaber et al. verified a continuous increase in strength
upon the increase of Si concentration from 3% to 15% in Al, while ductility was enhanced
only up to the eutectic composition (ca. 12%) [11]. In as-cast Al-5i-0.4Mg alloys containing
0.12-0.13% Ti modified with 100-150 ppm Sr, the continuous increase of Si content from
6.55% to 14.43% led to a clear strength increase up to an amount of 11.4%; for higher
amounts, a higher spread of results was seen. However, a clear trend of ductility decrease
with the increase of Si content within the entire assessed range was also observed [12]. In
cast and hot-extruded Al-Si-0.5Mg alloys containing up to 0.15% Fe, increasing Si content
from 0.58% to 7% and 12.3% led to a continuous strength increase, both in as-cast and
extruded conditions [13]. In Al-Si-Cu-Mg alloys, the presence of higher silicon amounts
(9% vs. 4.5%) was acknowledged as responsible for refining Fe-rich intermetallics, which
will be discussed ahead (see Section 2.4), as well as dispersing clusters of both Fe- and Cu-
rich intermetallic particles to interdendritic and intergranular regions. Such modification is
beneficial to restrain crack propagation, leading to improved ductility [14]. The positive
effect of increasing Si content from 1.5% to 6% in a 7075-T6 alloy on strength has also been
reported [15].

Regarding corrosion, Si is present as a secondary phase embedded in the matrix [1].
The electrochemical behavior of dispersed particles differs from that of the matrix, meaning
they might act as anodes or cathodes with respect to the matrix, leading to the formation of
galvanic pairs [16,17]. Si is cathodic and is present in relatively high amounts in cast Al
alloys [1]. Thus, one may expect that galvanic corrosion takes place, especially in refined
structures, with a higher degree of dispersion of the eutectic phase within dendrites and
with a higher contact area between Si particles and the matrix, which has been observed in
some studies, e.g., [18-20]. Nevertheless, in practice, the effect of Si on overall corrosion
resistance can be regarded as negligible due to the low current density and the fact that
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Si particles are highly polarized [1]. In fact, Oztiirk et al. verified that the modification of
eutectic morphology by strontium (Sr) addition (see Section 2.2) in reasonable amounts
could actually contribute to improving the corrosion resistance of the A356 alloy. After
permanent mold casting, the optimum amount of Sr in this sense was 120 ppm, and after
sand mold casting, it was 170 ppm [21]. The corrosion resistance of 3xx alloys is much more
impacted by the presence of impurities as iron (Fe) and copper (Cu), that form insoluble
and relatively coarse intermetallics [16].

Kaba et al. evaluated the suitability for automotive applications of alloys with lower Si
content, namely 5%, as opposed to the typical content of about 7%, under the assumption
that lower concentrations of the element could contribute positively to grain refinement
because the element has a poisoning effect over the action of Ti-B-based refiners (see
Section 2.3). However, comparing alloys containing 5% and 7% Si with the same amounts
of Mg (0.3%), Ti (0.1%), Sr (200 ppm) and Al-5Ti-1B refiner (0.01%), they verified that the
alloy with lower Si content, despite presenting finer grains due to the reduction of the
poisoning effect, presented higher interdendritic spacing (76.7 & 11.0 pum vs. 53.5 & 8.0 pm),
caused by the lower amount of eutectic phase, yielding reduced strength and ductility, as
opposed to what was expected [4]. This shows that dendrite refinement is more decisive to
mechanical properties than grain refinement. Furthermore, the reduced fluidity of alloys
leaner in Si suggests that such reduction is not favorable to castability.

On the other hand, Abalymov et al. assessed the suitability of alloys with higher silicon
content, motivated by the fact that the casting of hypoeutectic alloys can be accompanied
by certain issues because their fluidity is lower than that of eutectic ones. Thus, to cast
geometrically complex components, it may be necessary to overheat the melt and certain
regions of the mold, which can lead to microstructural heterogeneities and increased
porosity. The filling capacity of the mold can be enhanced using properly designed feeders,
which not only increases metal consumption but also might still be insufficient to overcome
these limitations, depending on the size of the part and level of complexity. Therefore, the
use of eutectic systems can eliminate some casting limitations. In their work, the addition of
0.25% Mg to an Al-11.2Si alloy provided sufficient hardenability upon T6 treatment to allow
the achievement of mechanical properties as adequate as those of the currently used alloy
and equally compliant with requirements for certain automotive applications. However,
attention must be paid to the significant drop in ductility for higher Mg additions [22].

The amount of Si also affects porosity distribution. In Al-Cu-based alloys, it was shown
that the addition of the element reduces hydrogen solubility in the liquid Al phase, leading
to shorter times for micro-pore nucleation and, consequently, larger final porosity [23].
With respect to the combined effects of Si (0, 1% and 9%) and Sr (200 ppm), which is
commonly used to modify the eutectic morphology, it was observed that the addition of
Sr caused a porosity increase in pure Al and in the Al-1Si alloy, and decrease in the Al-9Si
alloy. In all cases, however, Sr addition led to the reduction of pore size and average area,
and the smallest values was found in the 1% Si alloy, both with and without Sr. When it
comes to pore distribution, no noticeable effect was seen in pure Al and in the 1% Si alloy;
in 9% Si, however, the addition of Sr affected distribution significantly, as schematically
shown in Figure 2. The model proposed to explain pore distribution states that, in pure
Al, solidification takes place from the walls to the center of the mold, resulting in on main
shrinkage defect after solidification, whereas in the 1% Si alloy, the low fraction of eutectic
phase within dendrites leads to the formation of small voids by the accumulation of small
volumes of liquid metal on the solidification front. Because the amount of eutectic is null
or too low in these cases, the addition of Sr does not have any significant effect. In the 9%
Si alloy, however, the absence of modification causes preferential eutectic nucleation on
dendrite boundaries, growing from walls to center, resulting in a concentration of porosity
in the center, where the last interdendritic regions become solid; upon Sr addition, eutectic
nucleation takes place independently from dendrites, causing porosity to distribute more
homogeneously [24].
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Figure 2. Influence of Si content and Sr addition on porosity distribution in Al alloys (data from [24]).

As for Mg, it is the main responsible, along with Cu, for the hardening of cast Al
alloys upon heat treatment. Higher amounts of the element can increase the degree of
precipitation hardening but, on the other hand, promote the formation of the so-called
mi-AlFeMgSi phase (AlsSigMgsFey), a Fe-rich intermetallic that may cause embrittlement of
the alloy [2]. Regardless, the conversion of the needle-like 3-AlFeSi phase, which will be
discussed ahead, into the Chinese script -AlFeMgSi with the increase of Mg content in
the presence of Fe reduces the deleterious effects of the prior on mechanical properties [25].
The decomposition of the 7t phase during solution treatment is vital not only to reduce
embrittling effects but also to increase the amounts of Si and Mg in solution for later age
hardening purposes [26]. Furui et al. showed that, although not as effective in increasing
isothermal peak hardness, increasing the amount of Mg from 0.5% to 0.8% in an Al-10Si
alloy considerably reduces the aging time needed to achieve such hardness [27].

In the A356 alloy, the increase of magnesium content results in higher yield strength
and strain hardening rate [16]. Yielding behavior and the quality index (Q = UTS + 150l0g(A),
where UTS is the ultimate tensile stress and A is the percent elongation to fracture [28])
present an apparently parabolic dependence with the amount of Mg in the range between
0.3 and 0.7%. The quality index evolution can be explained by the fact that, although
ultimate strength increases, ductility is severely limited by the addition of Mg, and the
quality index represents a balance between strength and elongation [29]. Still, in A356,
the same parabolic-like tendency for the quality index was observed as a function of Mg
content (0.25-0.39%) by different authors [30].

Increasing Mg concentration from 0.5 to 2.7% in an Al-7.65i alloy has been shown
to promote dendritic refinement [31]. On the other hand, Huang, Liu and Li concluded
that the addition of 0.4% Mg to an Al-7Si alloy appears to partially hinder the effects of
Sr and Na as modifiers of eutectic morphology (see Section 2.2), which was explained
in the grounds that Mg addition results in the formation of Mg-rich phases in the final
stages of solidification, affecting modification of the associated eutectic phase forming
simultaneously [32].

As stated above, the addition of copper can increase the alloy’s strength due to precipi-
tation hardening effects upon heat treatment. The addition of Cu to Al-75i-Mg alloys [33],
including A356 [34,35], and the combined addition of Cu (3-5%) and Fe (0.3-0.8%) to Al-135i
alloys [36] led to strength improvement, while the simultaneous addition of Cu (0.09-2.76%)
and Mn (0.01-0.43%) to Al-Si-Mg alloys resulted in microstructural refinement and increase
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of fatigue strength at high temperatures [37]. In an Al-75i-0.4Mg alloy, Cu additions up to
3% altered the fatigue crack propagation pathway from trans-dendritic to inter-dendritic
due to the precipitation of Cu-rich intermetallics that behave as obstacles to propagation
within the matrix [38]. In high-pressure-die-cast (HPDC) Al-9Si-Cu alloys with different
Mg additions, the amounts of Cu and Mg are suggested to act together upon mechanical
strength evolution: in alloys containing up to 0.3% Mg, properties were enhanced up to
a Cu amount of 4.9%, whereas such enhancement took place for Cu concentrations up to
3.6% in alloys containing 0.1% Mg. This difference was attributed to the lowering of solvus
lines in alloys with higher Mg content, increasing solid solubility of these elements. Fur-
thermore, alloys with higher Mg and Cu contents also presented faster responses to aging
treatments [39]. In a thixocast Al-75i-0.5Mg, the addition of Cu up to 0.5% was effective to
increase strength after a T5 temper (direct aging after casting) without any significant loss in
ductility. However, higher additions—1.0%—hinder elongation properties, and even higher
ones—1.5%—]lead to strength reduction as well. Property improvement with additions up
to 0.5% Cu was attributed to the precipitation of non-shearable 0’ particles that contributed
more effectively to hardening than the Mg-based " phase. In lower fractions and uniform
distribution, 6’ phase brings positive contributions; in excess, on the other hand, it imparts
an embrittling effect on the alloy [40]. Furthermore, increasing Cu concentration in Al-Si-Mg
alloys can also lead to porosity increase [41].

2.2. Modifiers of the Eutectic Morphology

The eutectic phase is composed of the solid solution of Al and pure Si, with an
approximate composition of A1—12.6% Si, and forms at about 577.6 °C (Figure 3). Most
commercial alloys are hypoeutectic, i.e., possess Si contents lower than the eutectic one but
still contain the eutectic phase in their microstructure. This phase can present extremely
coarse morphologies, especially under low cooling rates, consisting of Si plates or needles
embedded in the matrix. The presence of these morphologies results in limited ductility due
to their embrittling nature. Faster cooling can help overcome this issue due to refinement
effects. However, the morphology of the eutectic phase can also be modified by the action
of certain elements [2]. The addition of calcium (Ca), sodium (Na), strontium (Sr) and
antimony (Sb), among others, can modify the eutectic morphology, producing a finer,
fibrous structure. Such modification takes place by the suppression of crystal growth or by
the balance between matrix and Si growth rates. The result is a considerable improvement in
mechanical properties, especially ductility [3]. The biggest benefits of eutectic modification
are obtained in alloys containing from 5% Si up to the eutectic composition, but these
benefits depend on the degree to which the porosity related to the addition of modifiers
can be overcome or restricted [3].
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Figure 3. Al-Si phase diagram (E: eutectic point).
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For many years, the modification in Al-Si systems was accomplished by the addition
of small amounts (50-150 ppm) of Na in metallic or salt form to the melt. Sodium reduces
the eutectic temperature by approximately 12 °C, reducing the nucleation capacity of the
eutectic phase. A possible explanation for its action lies in the neutralization of the effect
of phosphorus impurities that act as nucleation sites for coarse particles by the formation
of NaP. On the other hand, sodium in excess may lead to the formation of the AlNaSi
phase, which limits its modifying action. During growth, it is believed that Na limits the
phenomenon by accumulating on the surface of particles. Yet another theory suggests the
effect of twinning in Si crystals, forcing them to grow in different crystallographic directions,
originating the fibrous aspect. However, the effect is still not fully understood [2]. Figure 4
shows the effect of Na addition to an ADC12 (Al-Si-Cu) alloy.

After 0. l%a addition

Figure 4. Microstructures of an Al-Si-Cu alloy (ADC12) before and after the addition of 0.1% Na to
modify the morphology of eutectic Si, reproduced from [42], with permission from Elsevier, 2022.

Sodium is one of the most potent modifiers but has conflicting effects. The addition
of metallic Na to melted aluminum generates turbulence, which may lead to hydrogen
absorption and oxidation [2,3]. It also suffers evaporation losses [2]. The excess of sodium,
in addition to forming the AINaSi phase, causes the increase of surface tension and re-
duction of melt fluidity. Strontium, although regarded as less effective, is less harmful in
other senses [3]. Its addition changes the eutectic morphology from acicular to fibrous
and accelerates Si spheroidization during solution treatment [16]. It also changes the pre-
viously described porosity distribution from macroscopic shrinkage voids to dispersed
microporosity. Additionally, it has been shown that Sr can alter the morphology of the
Mg5,Si phase, converting it from fragmented to skeletal. In the presence of higher amounts
of Mg, its modifying action can be limited by the formation of intermetallics containing
Mg and Sr [7]. It might also increase porosity due to hydrogen uptake and surface tension
effects [3]. Strontium’s recovery is more predictable than sodium’s, but the element is still
susceptible to evaporation losses, especially when the melt faces longer holding times at
high temperatures, according to Zhang et al. [43]. Therefore, it is essential to maintain Sr
content within specified limits considering such loss.

Like sodium, the reason for strontium’s modifying action is still unclear. However,
the two most likely theories to explain such an effect are the restricted growth theory and
the restricted nucleation theory. Non-modified Si present little or no twinning evidence,
whereas Sr addition increases twin density. According to the restricted growth theory,
the element is adsorbed by the liquid front of the eutectic, hindering the adhesion of Si
atoms to the growing crystal, promoting twinning, which results in a fibrous structure,
as proposed to explain sodium’s action. The restricted nucleation theory states that Sr
addition retards the agglomeration of Si atoms at temperatures close to that of nucleation,
causing the morphological change. In terms of mechanical properties, the presence of
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Sr per se does not appear to exert significant effects; however, the neutralization of the
plate-like morphology results in the reduction of stress concentration, contributing to the
strength, ductility and toughness improvement [7]. The Al-Sr system has two eutectic
points on which master alloys are based. The most commonly used are based on the
leaner eutectic composition, with 4.1% Sr. They are formed by Al4Sr particles dispersed
in an Al-AlySr matrix and undergo conventional dissolution, whose rate increases with
temperature increase. The other composition, with 88% Sr, yields special master alloys
containing primary Sr and an Al-AlSr eutectic, which undergo exothermal dissolution,
whose rate increases with temperature decrease [16]. The combination of Na and Sr can
enhance the modifying effect [3].

The necessary amount of Sr typically varies from 150-200 ppm for eutectic alloys
cast in a permanent mold to slightly higher values for sand casting, with lower cooling
rates, or for alloys with higher Si contents [2]. In general, alterations observed upon Sr
addition, such as reduction of eutectic particle size and aspect ratio, increase of primary
Si fraction and reduction of eutectic temperature, are observed until additions as high as
200 ppm [44]. In Al-Si-Mg-Cu alloys, the modification effect showed itself independent
from Sr concentration between 212 and 270 ppm [45]. For the A356 alloy, typical additions
are in the order of 120 ppm. However, in high-purity alloys, with P contents lower than
10 ppm, the optimum effect can be obtained with additions as low as 60-70 ppm [46].
Zhang et al. concluded that, for permanent-mold-cast A356, this content is about 100 ppm,
whereas the same alloy cast in sand mold requires amounts higher than 180 ppm [43].
Strontium in excess reduces the alloy’s quality index [46]. The effects of Sr additions of 47,
156 and 720 ppm to the A356 alloy are shown in Figure 5, evidencing the precipitation of
coarse particles and a reduction of the modification effectiveness with excessive additions.

L, N ?1‘3"1;%5?"*
;C.‘];;}"-".":':

. "'P f/,y RO
e 2N | - G

Figure 5. Morphologies of the eutectic phase in an A356 alloy: (a) without Sr addition; (b) with
47 ppm Sr; (c) with 156 ppm Sr; (d) with 720 ppm Sr, reproduced from [44], with permission from the
Elsevier, 2016.

Fracchia, Gobber and Rosso observed, in Al-Si-Mg alloys with different Cu, Mn and Ni
additions, that the interdendritic spacing is reduced with the addition of 250 ppm Sr, and
the final values depend on the amount of silicon in the alloy. As for eutectic particle size,
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before modification, there is considerable variation among all alloys, but upon Sr addition,
value converges to an approximately linear relation with the amount of Si, with higher
amounts resulting in larger particles. The eutectic phase fraction increased in all alloys after
Sr addition. The higher concentration of alloying elements led to a reduction of impact
energy absorption, while the addition of Sr caused an increase in the absorbed energy [47].
Regarding porosity, there are several hypotheses to explain the effect of Sr: reduction of
eutectic temperature; alteration of the alloy’s physical properties, specifically reduction
of the gas/liquid interface energy and increase of volumetric shrinkage; an increase of
hydrogen concentration in the melt due to an alteration of the absorption rate or solubility;
influence in the formation of oxides, increasing their concentration in the oxide and/or
the ability for pores to nucleate from oxides [7,48]. Studies indicate that Sr-rich particles
nucleate on the wetted surface of the so-called bifilms, which consist of “folded” oxide
layers formed during turbulent feeding with one internal, dry, oxide/oxide contact surface
and one external, Al-wetted surface. This nucleation leads to the formation of SrO or
Al,O3-5rO, meaning that a Sr oxide tends to be more porous than an Al one [49]. This
strontium aluminate is regarded as less protective than aluminum oxide, which is supported
by the respective Pilling-Bedworth ratios (PBR) of 0.65 and 1.29 for SrO and Al,O3 [50]
(one must remember that PBR > 1 means that the oxide is prone to compressive residual
stresses, whereas PBR < 1 means a tensile stress state). For this reason, the compound is
held responsible for an increase in hydrogen pick-up, although this effect is still a matter
of dispute [7]. Wang, Hao and Yu observed an increase in the number of oxide inclusions
in the A356 alloy with the increase of Sr amount [50], and Gyarmati et al. showed that
Al-Si-Mg-Cu alloys with higher Sr content indeed present a higher amount of pores and
higher bifilm content as well [51].

Antimony has a slightly different action, producing a lamellar morphology instead
of fibrous [3,52]. Cai et al. attributed its modification effect to the precipitation AlSb
compounds during solidification, which were absorbed in the growth front of the eutectic
Si, inhibiting growth and thus refining Si particles [53]. It does not increase porosity
like strontium. However, it has been verified that the impact toughness of A356 alloy
is substantially enhanced by the addition of Sr, whereas the addition of Sb does not
have signification effects on impact absorption properties [54]. On the other hand, an
improvement of the corrosion resistance in saline solution has been attributed to Sb [55].
The beneficial effect of Sb is also reported in 319 alloys [52,56]. Its optimum amount might
vary considerably depending on alloy composition and casting conditions, ranging from
0.009wt% [56] to 0.6wt% [53]. Likewise, bismuth (Bi) exerts the same effect on eutectic
morphology and does not increase porosity. In an Al-15Si alloy, both Sb and Bi were
effective as modifiers, but Bi caused superior improvement of mechanical properties [57].
However, the presence of Bi up to 200 ppm in a Na-modified A356 alloy caused coarsening
of the eutectic Si phase due to an effect of increasing nucleation and growth temperatures
of this phase, besides forming an Mg-Na-Bi intermetallic that reduces the efficiency of Na
as modifier [58]. Scandium (Sc) addition also presents a certain modification effect [59],
which is boosted in combination with zirconium (Zr) [19]. The addition of Sc, combined
or not with Zr, is also effective in refining the primary Al phase, which makes it more
advantageous when compared with Sr, as the latter does not have a proven microstructural
refinement effect [19,59]. However, Ma et al. showed that, in terms of corrosion resistance,
the combined addition of Sc and Zr is not beneficial: Sc alone did reduce corrosion rates in
an Al-6.55i-0.45Mg alloy, but the further introduction of Zr led to an increase in corrosion
rates [19,60]. In the A356 alloy, Sc has also shown a modifying effect over Fe-rich phases
[-AlFeSi and m-AlFeMgSi, in addition to preventing over-aging [61]. Finally, calcium (Ca)
is considered a weak modifier, although its effects on eutectic modification, as well as
refinement of Fe-rich phases and transformation of (3-AlFeSi into «-AlFeSi, have been
recently reported in an A380 alloy [62].

As mentioned above, phosphorus is harmful to eutectic modification because it can
form phosphides that compromise the effectiveness of modifiers. On the other hand,
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in hypereutectic alloys, it constitutes the main addition to controlling the distribution
and morphology of primary Si. Concentrations as low as 15 ppm are enough to achieve
a sufficient modification effect [3]. Again, in the presence of Mg, the modifying effect
of Sr can also be hindered by the reaction between said elements, which also results in
a limitation of precipitation hardening during aging [63]. Antimony is also known for
limiting the effectiveness of Sr, and boron (B) also poisons strontium’s effect due to the
formation of SrBg [46]. The effects of Sb and P on the action of Sr are shown in Figure 6.
Table 1 provides the results of works focused on the addition of eutectic modifiers to Al-Si
alloys. Only the optimum compositions. i.e., compositions that resulted in the highest
quality index (Q) are shown.
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Figure 6. Effects of the interaction of elements with Sr on the eutectic morphology: (a) Antimony;
(b) phosphorus. Diagrams provide domains of acicular (A), lamellar (L) and fibrous (F) morphologies,
as well as of partial modification (PM) (data from [46]).
Table 1. Examples of results obtained by different authors whose works focused on the effects of the
addition of eutectic modifiers to Al-Si-based alloys.
Optimized Alloy o o . .
Composition (wt%) Condition UTS (MPa) A (%) Q (MPa) Casting Technique Ref.
Al-6.835i-0.28Mg-0.10Fe-
0.11Ti-0.003Cu-0.004Mn- T6 2499 3.3 327.7 Permanent mold casting [4]
0.023Sr-0.016B
Al-7.015i-0.37Mg-0.08Fe- .
0.13Ti-0.015¢ As cast 276.0 6.9 401.6 Permanent mold casting [64]
Al-(9.0-11.0)Si-(0.20-0.45)Mg-
0.55Fe-0.15Ti-0.45Mn- As cast 320.0 8.0 455.5 Permanent mold casting [65]
0.25A1Sr10
Al-15Si-1Bi As cast 192.0 14.0 363.9 Permanent mold casting [57]
Al-155i-1Sb As cast 203.0 9.2 347.6 Permanent mold casting [57]

2.3. Grain Refiners

Apart from solidification conditions, grains’ morphology also depends on alloy com-
position and the density of effective nucleation sites. The most common grain refiners
are Al-Ti- or Al-Ti-B-based master alloys. Al-Ti alloys usually contain between 3% and
10% Ti, and the same concentration range is seen in Al-Ti-B alloys, with boron amounts
of 0.2-1.0%. To be effective, grain refiners must form aluminides (TiAlz) or borides (TiBy)
in controlled quantities, with size, morphology and distribution favorable to grain nucle-
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ation [3]. Several theories were developed in an attempt to explain the action mechanism
of the Al-Ti-B system. It is believed that TiB, particles act as heterogeneous nucleation sites,
and Ti atoms in solid solution, coming from the decomposition of TiAl3, act as grain growth
inhibitors [66]. On the other hand, the refinement effect is also attributed to TiB, covered by
a TiAl; layer, onto which the matrix nucleates [67]. This TiAl; layer reduces crystallographic
misfit between Al’s and TiB,’s lattices from 4.22% to 0.09% [68]. The microstructure of
the master alloy plays a key role in its performance, and the size of intermetallic particles
varies considerably among different types of alloys. Overall, finer particles yield more
efficient nucleating agents. However, alloy composition, especially regarding Ti content,
also impacts its effectivity [66]. Figure 7 illustrates the refinement effect achieved after the
addition of the master alloy.

Figure 7. Grain structures of commercially pure Al: (a,b) before the addition of 0.2% Al-5Ti-1B refiner;
(c,d) after the addition, reproduced from [67], with permission from the Elsevier, 2014.

The addition of Ti alone as a solute has little effect on grain size. Additionally, the
addition of titanium can increase the cost of the alloy [16]. Furthermore, a work focused
on the effect of the addition of Ti particles as reinforcement to an A356 alloy produced
by compocasting has shown that excessive amounts of the element cause an expressive
increase of porosity: in comparison with the Ti-free alloy (0.742% porosity), additions of
0.5%, 1.5% and 5% Ti resulted on porosity levels of 0.646%, 1.087% and 3.441%, respectively.
Hardness increased continuously, but ductility and strength decreased with the excess of Ti.
A maximum amount of 0.5% was considered ideal. The explanation provided was based
on the formation of coarse agglomerates of particles and their action as pore nucleators
due to the low wettability of liquid Al [69]. It has also been verified that the formation of
TiAl; particles by excess Ti hindered the wear resistance of eutectic Al-Si alloys, most likely
due to the embrittlement effect and micro-cracking tendency resulting from the elevated
hardness of particles [70]. In alloys with high Mg content (Al-6Mg-2Si), Ti addition has
shown different effects, depending on the casting technique: in gravity casting, it slightly
hindered mechanical properties, which was attributed to an alteration of the morphology
of the Mg,Si phase; in high-pressure die casting, however, properties were improved by
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the addition of Ti, which was explained by an increase of the primary Al fraction and its
consequent supersaturation [71]. Last but not least, the addition of Ti in excess can also be
harmful to subsequent age hardening, forming Si-rich phases that limit its availability in
solid solution to precipitate Mg,Si during aging [16].

Despite that, the refinement effectiveness of TiB, does depend on the presence of some
Ti in excess. If excess boron is present in the alloy, it can react with other elements and form
less effective compounds on the surface of TiB; particles. Titanium excess, on the other
hand, guarantees such effectiveness. As a rule of thumb, a minimum Ti:B ratio of 2 and a
minimum Ti concentration of 0.1% are necessary for effective refinement [16], [66]. To avoid
the need for Ti addition in solid solution, Al-Ti-B master alloys that comply with this limit
should be preferred [16]. However, it has been shown that adding Al-B refiners to alloys
with adequate prior Ti content also leads to effective refinement due to the reaction of boron
with excess titanium to form TiB; [72]. In an alloy A356 containing 0.06% Ti, the optimum
amount of Ti added in the form of Al-Ti-B refiner ranged between 0.06% and 0.15%. Above
this limit, deleterious effects on grain size and porosity were observed [73]. Apparently,
grain refinement is intensified with additions up to 0.1% and, from this concentration on,
grain size remains approximately constant. In Al-7Si alloys, higher amounts lead to a
continuous increase in strength, but ductility is negatively affected [74].

Some elements, e.g., Si, Sc and Zr, can negatively affect (poison) the refinement
effect of Al-Ti-B systems [16,75]. It is believed that the presence of Sc or Zr, for instance,
leads to the formation of Ti-rich intermetallics, meaning that the amount of titanium
in a solid solution is reduced [76]. Huang et al. also verified that Sc diffuses into TiB,
particles, hindering their effectiveness as nucleation sites [77]. When Si is present in
concentrations higher than 3%, the effectiveness of the Al-5Ti-1B alloy is significantly
reduced, but its poisoning mechanism is still not clear. One hypothesis states that, in the
presence of high Si amounts, the element segregates to the TiB, /Al interface, penetrating
the TiAl3 layer and hindering the refinement effect [68]. Another theory involves the
precipitation of silicides on the particles” surface, preventing Al nucleation due to the
increase of crystallographic mismatch [68,75]. Samuel et al. recently suggested that TiAls
loses its nucleation effectiveness in the presence of Si because they transform into silicides
as well according to the following reaction: TiAls — Ti(AlSi); — Ti(ALSi); [72]. In a study
about the poisoning effect of Si in an Al-13 Cu alloy, Jia et al. observed that the curvature
radius of dendrites’ tips in the Al-Cu-Si alloy was half the one observed in the Al-Cu alloy
without Si. A sharper tip can disperse solute more effectively and grow faster [68].

The presence of TiB, particles has also shown influence over the formation of porosity
in Al-Si castings. An in situ observation of void formation in these alloys (Figure 8)
demonstrated that the addition of Sr increases the amount of pre-existing bubbles in the
semisolid region, while the addition of TiB, without Sr makes pores more regular and
apparently increases their formation temperature, but does not induce the formation of
bubbles in the melt. The combined addition of Sr and TiB,, in its turn, causes a significant
increase in the size and quantity of bubbles and pores. The addition of Be, which can
reduce the formation of oxides without significantly affecting the eutectic morphology
modification, on the other hand, led to the formation of pores with regular morphology,
smaller but in greater number, nucleating at temperatures lower to those observed after
TiB, addition, but higher that those experienced in the non-modified or Sr-modified alloy.
Regarding strontium’s effect on the eutectic temperature, its reduction provides more
time for void growth. Despite that, the growth curve is dislocated to lower temperatures,
resulting in no relevant alteration in pore size or fraction. Although no conclusion was
drawn by authors about the effect of Sr on hydrogen absorption and solubility, the fact that
its addition raises the temperature of the void formation above the liqguidus temperature
suggests that it might intensify pore nucleation due to oxide formation. The effect of grain
refiner on the increase of pore density and nucleation temperature and decrease of pore size,
with more homogeneous nucleation, can be explained by the fact that, as grain nucleant,
TiB; increases the fraction of equiaxed dendrites, among which pores can grow. This results
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in a limitation of pore growth. The increase in nucleation rate and temperature can be
attributed to the supersaturation of hydrogen in the liquid or to the possibility of TiB,
acting as a pore nucleation agent as well. When it comes to its combined action with Sr, the
fact that together they increase the stability of pre-existing bubbles, while Be cancels this
effect, suggests that both act in the formation of oxides, which constitute the main enablers
for porosity formation. The higher pore density after Be addition might result from a lower
nucleation temperature, leading to less time for hydrogen diffusion and pore coalescence,
favoring a more homogeneous dispersion [48].
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Figure 8. Void formation (pores and gas bubbles) in an Al-7Si alloy with different additions of Sr,
TiB; and/or Be (data from [48]).

With respect to oxide bifilms, the addition of Al-5Ti-1B refiner to the A356 alloy
showed itself effective in reducing their amount. (ALSi);Ti particles nucleate on the wetted
surfaces of bifilms and tend to decant towards the bottom of the crucible due to their higher
density; in this process, oxide films tend to follow [78,79]. One one hand, such attachment is
obviously advantageous to reduce bifilm content and porosity; on the other hand, Gyarmati
demonstrated that these intermetallic particles could also bind to oxide layers on the surface
of the melt, leading to a possible Ti segregation in the top region [79]. It is also advised
that feeding of the melt takes place as rapidly as possible to avoid excessive decantation
of the refiner, limiting its primary action. Therefore, there is an optimum holding time
between addition and feeding to balance bifilm elimination and grain refinement effects. In
the work of Gurtaran and Uludag [80], the optimum holding time was 40 min.

The Al-Ti-B combination is the most common method for grain refinement in cast Al
alloys. Nonetheless, other master alloys, such as Al-Ti-C and Al-Ti-C-B, have been suggested
as alternatives to overcome the poisoning effect of certain elements on the refinement effect of
the Al-Ti-B system. The C-containing alloy is also acknowledged for improving aluminum’s
castability. Although it is suggested that increasing holding time degrades refining action due
to the decomposition of TiC particles into Al4C3, with subsequent growth [66], no negative
effect was observed due to holding after the addition of an Al-3Ti-1B-0.2C refiner [81]. The
use of on Al-2Ti-0.3C-0.2B master alloy containing C-doped TiB, and B-doped TiC has shown
itself effective against Si and Zr poisoning, even after long holding times, by B-TiC-assisted
nucleation of Al grains on C-TiB; particles [82]. Another example of a master alloy is Al-10Sr-
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2B (StroBor®), which may act both as a eutectic modifier and grain refiner. It does not contain
titanium, relying on the fact that it is already present in many commercial alloys as a solute.
Thus, boron present in the SrBq phase is dissolved after addition to form TiB;. In addition to
SrBg, the alloy contains SrAly, which acts on the modification of the eutectic morphology [66].
Scandium has also shown a certain refinement effect in Al-Si-Mg alloys, though not as
effective as that of Ti. Its main mechanism consists of heterogeneous nucleation by the
formation of the Al3Sc phase [83-85]. In an Al-7Si-0.25Mg alloy with 0.05% Sr and 0.36%
Al-5Ti-1B, the addition of Sc in concentrations of 200-800 ppm resulted in a continuous
increase of hardness and strength due to microstructural refinement [86]. Its addition to an
A356 alloy also resulted in a fluidity increase and hot tearing reduction [87]. Nonetheless,
Sc can form other intermetallic phases that do not act effectively as refiners, meaning that
its use is not advised in highly alloyed systems [88]. Ding et al. developed a master alloy
with the composition Al-9Zr-0.95r containing Al3Zr and Al4Sr. Its addition amounting to
3% to an Al-75i-0.5Mg resulted in significant grain size reduction and eutectic morphology
modification. AlzZr reacts with Si, forming an AlSiZr-based phase that is much more
stable and crystallographically similar to TiAls, acting as a heterogeneous nucleation site.
Meanwhile, Al;Sr dissolves, releasing Sr in a solid solution for the eutectic modification [89].
Cui et al. produced an Al-3B-55r master alloy, which acted very effectively as a grain
refiner and eutectic modifier in the A356 alloy, most likely due to the precipitation of
SrBg, as a result of the reaction between AIB, and dissolved Sr [90]. Recently, a new
refiner, Al-3.5-FeNb-1.5C, has been tested in HPDC Al-Si-Cu alloys and showed significant
refining effects when added at a concentration of 0.1%. Excessive additions, in the order
of 1.0%, led to poor refining efficacy [91]. Latest developments include the fabrication
and application of medium entropy metal diborides, (Ti;/3Cry,3V1/3)B2, based on the
tailoring of minimized lattice mismatch [92], and composite NaCl/KCl/K;TiF4/KBF, for
simultaneous grain refinement (Ti-B) and eutectic modification (Na, K) [93], and as effective
refiners for aluminum alloys.

Grain refiners based on niobium (Nb) have also been developed in the AI-Nb-B form,
with analogous action to that of Al-Ti-B [94]. When added as a solute, Nb is not as effective
for grain refinement either. However, when combined with boron, it forms the NbB, phase,
which is more stable than its Ti-based counterpart, with the additional advantage of refining
the eutectic phase as well. It becomes more effective for Si contents above 6% [95]. It was
verified that the Nb-based refiner reduces undercooling levels, meaning that heterogeneous
nucleation is the dominant mechanism [96]. The absence of interaction between Nb-B
refiners and elements present in commercial alloys, such as A356, proves the chemical
stability of AI3Nb e NbB, compounds, reducing poisoning effects [97]. The development of
Al-Ti-Nb-B refiners confirmed that NbB; is very stable when facing higher Si amounts in
an Al-10Si by the formation of NbB;-coated TiB, particles, that extinguishes Si poisoning
due to a decrease of crystallographic mismatch and Si adsorption rate on the surface, and
increase of chemical affinity with Al, as shown in Figure 9 [75]. The addition of Nb-B
also apparently reduces the dependence of grain size on the cooling rate, making it more
effective for different casting techniques [97]. It also prevents the formation of columnar
grains upon slow cooling [96]. Another apparent benefit is the length reduction of the
[3-AlFeSi phase in Al-Si alloys with high Fe content [98]. However, the main refinement
effect is observed in the primary dendrites of the matrix [97]. One disadvantage is the
high density of Nb that results in a higher decantation tendency, reducing effectiveness
with holding time. While the Al-Ti-B refiner is used with excess Ti to avoid the presence
of free B, Wu et al. [75] produced an Al-3.5Nb-1Ti-1B refiner with an Nb:B ratio inferior
to the stoichiometric one of 4.1:1 to avoid the presence of free Nb. Figure 10 shows the
grain structure of Al-10Si alloy under the effect of different master alloys. Anyhow, Al-Ti-B
remains the most widely used refiner for commercial applications [66]. Table 2 summarizes
results of grain sizes obtained in different published works.
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Figure 9. High-resolution transmission electron microscopy images showing the presence of an
Nb-rich layer on the surface of TiB; in an Al-3.5Nb-1Ti-1B alloy: (a) (0001) (Ti, Nb)B, /Al interface
structure and corresponding fast Fourier transform (FFT) pattern; (b) high-angle annular dark-field
(HAADF) image of the (0001) (Ti, Nb)B, /Al interface structure; (c) elemental maps of R1 region
and line scan across L line, both shown in (b), reproduced from [75], with permission from the

Elsevier, 2021.

Figure 10. Grain structures of an Al-10Si alloy: (a) without refinement; (b) with Al-5Ti-1B addi-
tion; (c) with Al-4Nb-0.5B addition; (d) with Al-3.5Nb-1Ti-1B addition, reproduced from [75], with

permission from the Elsevier, 2021.
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Table 2. Examples of results obtained by different authors whose works focused on the effects of the
addition of grain refiners to Al alloys.

Base Alloy Composition (wt%) Optiﬁt&n&f;ﬁgsiif:?;ﬁgount Av;;:f?ﬁ?in Casting Technique Ref.

Commercially pure Al 2.7% (Tiy /3Cr1/3V1/3)B2 35.0 N.A. [92]

A356 0.5% Al-3B-5Sr 300.0 Permanent mold casting [90]

A356 0.10% Nb as 96A1-2Nb-2B 150.0 Permanent mold casting [96]

Al-1.05i-0.3Mg 0.15Zr-0.30Sc 140.0 Permanent mold casting [83]

Al-1.35i-0.5Mg 0.15Zr-0.30Sc 219.0 Permanent mold casting [83]

Al-4.02Si-0.02Fe 1.03Sc 31.7 Permanent mold casting [85]

o107 N K, 0 e s

iz 010% Nb-KBFy 000 oot imulated graphiie oucitle 7

Al-6.835i-0.34Mg-0.07Fe-0.11Ti-0.245r 0.20% Al-3Ti-1B-0.2C 167.0 Permanent mold casting [81]

Al-6.965i-0.13Fe-0.005Cu 0.10% Al-5Ti-1B 118.0 Permanent mold casting [74]

Al'7‘4051'0'35M§'(§)6'3§Fe'0‘06Ti'0'08C“' 0.15% Al-5Ti-1B 2702 Permanent mold casting [73]
. n

Al-7.05i-0.4Mg 0.10% Al-2Ti-0.2B-0.3C 85.0 Permanent mold casting [82]

Al-7.05i-0.5Mg 3% Al-9Zr-0.9Sr 122.0 Permanent mold casting [89]

Al-7.0Si-1.0Fe 0.05% Al-4Nb-0.5B 104.0 Permanent mold casting [94]

Al-9.0Si-1.0Fe 0.05% Al-4Nb-0.5B 120.0 Permanent mold casting [94]

Al-12.0Si-1.0Fe 0.05% Al-4Nb-0.5B 222.0 Permanent mold casting [94]

Al-5.0Cu-0.15Zr 0.50% Al-2Ti-0.2B-0.3C 63.0 Permanent mold casting [82]

2.4. Iron and Modifiers of the B-AlFeSi Phase

The main disadvantage of Fe presence is the formation of intermetallic phases that
can negatively affect the mechanical properties and castability of Al-Si alloys. Table 3
provides a summary of the several Fe-rich intermetallics that can be observed in these alloys,
originally compiled in the work of Mbuya et al. [6], and Figure 11 presents some typical
morphologies. The main ones are (3-AlFeSi, with acicular or plate morphology; x-alfe
(M)Si, with polyhedral or Chinese script morphology; and m-AlMgFeSi, with Chinese script
morphology. The two priors will be discussed ahead, while the latter, already mentioned,
forms in the presence of higher Mg contents. Iron does impart a few positive effects,
such as high-temperature strength and hot tearing resistance, in addition to enhancing
the refinement effect of Al-5Ti-1B, neutralizing the poisoning effect of elements such as
zirconium (Zr), for instance. In lower concentrations, Fe itself might act as a refining agent.
Nevertheless, its negative effects are much more prominent and critical [6].

Table 3. Fe-rich phases that can be present in cast Al-Si alloys, depending on the composition (data

from [6]).
Morphology Phase Typical Conditions
AlsFeSi (eutectic) 0.05% < Fe < 0.7%
[B—acicular —
AlsFeSi (primary) Fe > 0.7%
Alys5Fes3Sis Presence of Fe
a—Chinese script
Aly5(Fe,Mn)3Sip Mn > 0.2% in the presence of Fe
AlgFeMgsSis Presence of Mg and Sr
m—Chinese script AlgFeMgsSig Fe > Mg

AljgFeMg,Siy / AlsFeMggSig Presence of Mg
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Table 3. Cont.
Morphology Phase Typical Conditions
Al;FeCuy Presence of Cu
Acicular -
AlgCuMggSig Cu > 1%, Mg > 2xCu
AlgFeNi Ni > 0.1% in the presence of Fe
Agglomerate
Al;CupyMggSig Presence of Mg, Cu and Si
Aly(Fe,Co); Co > 0.1% in the presence of Fe
Chinese script AlgFe,SiBe/ Al Fe,Bes Presence of Be
AlsFe,Si/ AlgFe,Si Presence of Mg, Cu or Zn
Aly(Fe,Cr)s5Sig Cr > 0.1% in the presence of Fe
Polyhedral
Aly3(Fe,Cr)4Siy Cr > 0.1% in the presence of Fe

20 pm \

—
£
5

¢

Figure 11. Morphologies of some Fe-rich phases observed in an Al-55i-1Cu-0.5Mg alloy, indicated
by arrows: (a) platelets of 3-AlFeSi; (b) Chinese script x-Al(Fe,M)Si; (c) m-AlFeMgSi growing from
-AlFeSi; (d) Chinese script -AlFeMgSi, reproduced from [99], with permission from Elsevier, 2012.

The o-AlFeSi phase is identified as AlgFe;Si, AljpFesSi; or AljsFesSiy. There is no
agreement about its crystal structure, which has already been described as body-centered
cubic or hexagonal. It has a compact Chinese script or polygonal morphology and can
precipitate either as a eutectic with the Al matrix or as a primary phase; the precipitation
mechanism, as well as alloy composition, dictate its morphology. The 3-AlFeSi phase is
usually defined as AlsFeSi or AlgFe;Si,. It does not have a well-defined crystal structure
either, but a monoclinic structure is generally accepted, although orthorhombic and tetrago-
nal structures have already been reported too. It is regarded as the most harmful Fe-bearing
phase because of its needle- or plate-like morphology, which leads to stress concentration
and brittleness [66]. It causes ductility, toughness and fatigue resistance reduction, and
even strength reduction at times, in addition to affecting fluidity and feeding characteristics,
by blocking interdendritic channels that allow the liquid to flow to empty regions. Its
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particles also facilitate porosity formation [6]. They are known to nucleate on the wetted
surface of bifilms, and upon their linear growth, the oxide films are also elongated, which
helps to explain the negative effects of this phase on mechanical properties [66,100]. Due to
its morphology, a-AlFeSi is considered less harmful [66].

Considering the virtually inevitable presence of iron as an impurity, especially in recy-
cled alloys, the most common strategy involves the addition of elements that can convert
the critical 3-AlFeSi into x-AlFeSi, such as manganese (Mn), chromium (Cr) and cobalt
(Co). However, one must bear in mind that these elements contribute to increasing the total
amount of Fe-rich phases, which is, either way, undesirable [66]. Another disadvantage
is that modified intermetallics tend to segregate and form coarse agglomerates [66]. In
addition to these elements, several others, such as beryllium (Be), molybdenum (Mo), nickel
(Ni), vanadium (V), tungsten (W) and the classical eutectic modifier, strontium, as well as
rare earth (RE) elements, e.g., cerium (Ce), lanthanum (La), neodymium (Ne) and yttrium
(Y), can be used to neutralize the deleterious effects of Fe-rich phases [6,66]. High melting
point elements, such as Cr, Mo, V and W, are seldom used in Al-Si alloys due to their
limited solubility in aluminum. On the other hand, they can also be useful for enhancing
precipitation-hardening effects. These elements can form intermetallic phases that embrittle
the alloy, especially under lower cooling rates during casting. Therefore, their addition is
not recommended in alloys to be cast in sand or ceramic molds. In hypoeutectic alloys, the
formation of precipitates with melting points higher than the crystallization temperature of
Al changes the concentration profile in the solidification front. Under higher cooling rates,
such as those experienced during HPDC, the solid solution can become supersaturated
with these elements, contributing to the improvement of mechanical properties [101].

Manganese is widely used to minimize iron’s effects due to its availability and low
cost. Also, it has an atomic radius and crystal structure similar to those of Fe, making
it possible for it to act as a substitutional element. In sufficient amounts, it favors the -
Al(Fe,Mn)Si phase, with a typical composition of Alj5(Fe,Mn);Si;. However, compositions
AljgFesMnSiy or Aljg(Fe,Mn)3Si, have also been observed. In Figure 12, the liquidus
projections of ternary Al-Fe-Si and quaternary Al-Fe-Mn-Si (0.3 wt% Mn) are shown, where
it is possible to observe the appearance of the x-AIMnSi phase field in the presence of Mn.
Polygonal, coarse dendritic or Chinese script morphologies can be attained, depending on
the cooling rate and Mn:Fe ratio [66,102,103], as shown in Figure 13. The amount of Mn
necessary to neutralize Fe is still not well established because such an effect also depends
on other factors, such as the cooling rate, thermal history, heat treatment, initial amounts
of Fe and Si and the presence of other elements [66,104]. As a general rule, a minimum
Mn:Fe ratio of 0.5 is recommended, especially for iron contents above 0.45% [104]. In
an Al-Si-Cu alloy containing 0.5% Fe, Mn additions up to 0.3% Mn were not enough to
promote complete conversion. Upon addition of 0.65% Mn, conversion was complete, and
mechanical properties were improved. For higher Mn contents, deterioration of mechanical
properties took place due to the excess of intermetallic phases [105]. In an A356 alloy,
microstructural refinement with a reduction of interdendritic spacing was observed after
the addition of 0.5% Mn and Si content increase from 7% to 10%, leading to ductility and
fatigue resistance improvement [106]. On the other hand, in the same alloy, Fortini et al.
verified that Mn addition with Mn:Fe ratios varying between 0.37 and 1.11 did not exert
any significant modification effect. Authors attributed this behavior to the low amount of
Fe in the alloy, of about 0.1%, while the modifying effect should be intensified for higher Fe
contents, especially above 0.2%. The addition of Mn resulted in the reduction of 3-AlFeSi
particles’ density but not in their length reduction. The fact that this effect did not impact
mechanical properties suggests they are sensitive to particle length and insensitive to
number density [30]. In an A356 alloy with iron contents of 0.123, 0.454 and 0.655% and Mn
addition, Kucharikova et al. observed that increasing Fe content does not necessarily result
in the continuous lengthening of 3-AlFeSi particles, but rather in their thickening, and such
thickening leads to increased porosity. However, there is a tendency for length increase
in comparison with lower Fe contents. The authors did not observe a concrete negative
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effect on mechanical properties arising from increased Fe content due to dispersion of
results, i.e., the variation among the alloys lies within the error intervals. Nevertheless, in
general terms, the best values for strength, elongation, hardness and fatigue properties were
verified in the alloy with the highest critical Fe concentration (Fe,,;; = 0.075xSi — 0.05 [99]),
and the highest yield strength was observed in the alloy with the highest Mn:Fe ratio.
For (3-AlFeSi particles shorter than 50 um, fatigue properties depended strongly on the
porosity size, but for longer particles, properties began to depend on their length [107]. In
eutectic Al-5i alloys, it is suggested that Mn addition leads to the fragmentation of 3-AlFeSi
platelets in concentrations up to 0.9% and, above that, converts the morphology into a
dendritic one [100]. The addition of manganese to modify (3-AlFeSi also contributes to the
reduction of porosity in the presence of high Fe contents [108].
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Figure 12. Liquidus projections of the Al-rich corners of (a) Al-Fe-Si system and (b) Al-Fe-Mn-Si
system with 0.3% Mn (data from [109]).

Figure 13. Morphologies of the «-AlFeMnSi in an Al-75i-0.3Mg-0.5Fe with different Mn contents:
(a) 0.48%; (b) 0.77%; (c) 1.04%, reproduced from [102], with permission from Elsevier, 2022.

Alternatively, Cr and Co can also be employed for this purpose. Like Mn, both
possess atomic radii close to iron’s radius, and Cr also has the same crystal structure
as Fe. However, there are fewer reports about the effects of these elements. Espe-
cially with respect to chromium, its amount is usually limited by the sludge factor
(SF = 1xFe + 2xMn + 3xCr < 1.7 [99,110,111]) due to its and manganese’s tendency to
form coarse sludge particles together with Fe. Cobalt is considered less effective than
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Mn but, on the other hand, less harmful. Chromium is considered more effective, being
used with Cr:Fe ratios above 0.33 [66]. The element can also increase precipitation hard-
ening [55]. One supposed advantage of Co is favoring the precipitation of «-Al(Fe,M)Si
phase within Al dendrites, reducing segregation tendency. As for Cr, the phase can pre-
cipitate both inside dendrites and on their boundaries [104]. Wang et al., nonetheless,
compared the effects of Mn, Cr and Co as neutralizers in an Al-5i-Cu alloy and observed
that cobalt forms a high melting point intermetallic, Aly(Fe,Co)Cup, which also presents a
plate-like morphology and has a negative effect on mechanical properties [112]. In A356
alloy, the combined addition of 0.13% Mn and 0.13% Cr showed itself more effective than
the single addition of 0.2% Mn because, although strength levels were similar, ductility in
the first case was much more improved [113]. In an Al-75i-3Mg containing ~0.5% Fe, the
addition of 0.45% Cr led to an improvement of strength, followed by a significant ductility
reduction due to the precipitation of the Al;3Crs5i4 phase [114]. In the absence of Fe, the
addition of 0.5% Cr to an A356 alloy reinforced with 5% TiB; led to the precipitation of
the Al;3Cr4Sis phase, whose particles acted as growth inhibitors for primary Al and the
eutectic phase, contributing to microstructural refinement. In a corrosive environment,
this phase can be dissolved to promote the formation of a passive film that significantly
enhances corrosion resistance [115]. Ling et al. observed the formation of Chinese script
AlCrFeSi phase upon the addition of 0.1-0.3% Cr to an Al-7Si-0.35Mg alloy, with further
precipitation of Al;3CrySis during aging as well [116]. The refining action of Cr in an
A356 alloy has been further evidenced by Liang et al., according to whom such effect
results from the high stability of the Al;3Cr,5i4/ Al interface, owing to the low crystallo-
graphic mismatch and to the existence of certain orientation relationships between both
phases [117]. In Al-Si-Cu-Mg-Ni alloys, the addition of 0.8% Fe and 0.5% Cr resulted in
the precipitation of x-Al(Fe,Cr)Si phase that induced the formation of a full or partially
interconnected eutectic structure, as opposed to the dispersed distribution in the base
alloy, due to the occurrence of secondary eutectic reactions. Such morphology alteration
was essential to significantly improve the high-temperature properties of the alloy [118].
In a continuously cast AA6061 alloy, the addition of Cr in concentrations as low as 0.07%
led to dendritic refinement, which was attributed to the precipitation of Aly5Cr; phase, a
potential heterogeneous nucleation site for primary Al grains. This led to a reduction of
the flow tendency of primary liquid and of the semi-solid zone, decreasing the amount
of residual liquid in central regions and thus the segregation level. After the T6 temper,
both strength and ductility were increased, which was attributed to restricted segregation,
grain refinement and precipitation of the x-Al(Fe,Cr)Si phase [119]. In HPDC Al-Si-Cu
alloys, it was verified that the presence of Mn, Cr and Fe did not have any significant
impact on the heat-treatment response [39]. Table 4 summarizes optimized mechanical
properties obtained by different authors upon optimized neutralization effects achieved
by Mn and/or Cr.

Table 4. Examples of results obtained by different authors whose works focused on the effects of the
addition of neutralizers of the (3-AlFeSi phase to Al-Si-based alloys.

Optimized Alloy

Composition (wt%) Condition UTS (MPa) A (%) Q (MPa) Casting Technique Ref.
A356-0.2Fe-0.13Mn-0.13Cr T6 280.0 11.8 440.8 Permanent mold casting [113]
Al-0.75i-1.2Mg-0.1Fe-0.07Cr T6 338.0 18.0 526.3 Twin-roll casting [119]
Al-6.55i-0.45Mg-0.5Fe-3.75Cu- .
0.65Mn T6 460.0 0.5 408.0 Sand casting [105]
Al-7.4565i-2.84Mg-0.50Fe- .
0.11Cu-0.13Ti-0.14Mn As cast 350.0 3.1 423.7 Permanent mold casting [114]
Al-9.55i-0.35Mg-0.12Fe-0.13Ti- Té 275.0 8.0 4105 NA. [106]

0.5Mn
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Beryllium is considered more effective than the previous elements, being used in
concentrations ranging between 0.06 and 0.27%, although the need for amounts higher than
0.4% has also been reported. Be-rich phases tend to precipitate inside dendrites, favoring
toughness. The addition of Be modifies the ternary eutectic reaction that originates 3-
AlFeSi, giving place to a peritectic reaction [66]. It has also been observed that the presence
of Be appears to induce the precipitation of B’ (Mg-Si) particles with fine globular or acicular
morphologies during aging, which is also beneficial for mechanical properties [25]. The
major disadvantage of Be is its toxicity [6].

The addition of elements such as Cr, Mo and W to an Al-9Si-3Cu-1Fe in controlled
amounts (0.2% Cr or 0.5% Mo/W) resulted in the primary crystallization of the o-Al(Fe,M)Si
phase, where M = Cr, Mo or W. The addition of vanadium (V), however, did not cause such
an effect. Additionally, these elements promoted an increase in the liquidus temperature.
Both the primary formation of the o phase and the supersaturation of the Al matrix
with them, enabled by a relatively high solidification rate, were held responsible for the
enhanced mechanical properties of the produced alloys [101]. Although the effect of -
AlFeSi formation was not observed upon vanadium addition in this work, other authors
verified that the element does have a certain effect of modification of the (3-AlFeSi phase
in A356 alloy. Ludwig, Schaffer and Arnberg showed that the continuous addition of V
up to 0.8% resulted in an enrichment of the phase with the element, and such enrichment
was accompanied by a morphological alteration from acicular to polyhedral. However, in
excess of 0.2%, the element also causes the precipitation of the Si,V phase with a polyhedral
morphology. They highlight that vanadium is present in coke used as anode for the
production of primary, being, therefore, likely present as an impurity in the alloy. This
means that the comprehension of its effects on the metallurgy of Al alloys is important [120].
Lin et al. also noted benefits upon V additions up to 1% regarding the control of deleterious
Fe-rich phases in the alloy, including reduction of the length of 3-AlFeSi needles, increase
in volume fraction of x-AlFe(M)Si, porosity reduction and grain size reduction. Optimum
effects were verified upon the addition of 0.8% V [121].

Although less used, molybdenum (Mo) can also act for the modification of the (3-
AlFeSi phase [66]. In an Al-10Si-0.65Mg-0.5Mn, the addition of 0.2% Mo increased liquidus
temperature and solidification interval but resulted in the formation of the Chinese script
a-AlFe(Mn,Mo)Si phase, with partial substitution of Fe with Mo together with Mn [122].
Microstructural refinement is reported with concentrations up to 0.3% [55]. In Al-Si alloys,
Mo in concentrations of 0.05-0.3% in combination with sulfur (S) in concentrations of
0.01-0.2% is acknowledged to improve mechanical properties [104]. A report also exists on
the action of sulfur alone on the shape and distribution of the «-Al(Fe,Mn)Si, promoting
a dendritic script-like morphology [52]. On the other hand, the addition of Mo in an
A354 alloy (Al-Si-Cu-Mg) caused a heterogeneous Sr distribution and increased porosity.
The influence on Sr distribution, with consequent heterogeneity of eutectic morphology
modification, was not elucidated, while porosity increase as attributed to a likely presence
of oxides in the Al-Mo master alloy. Furthermore, the element led to the suppression of
[3-AlFeSi formation but, on the other hand, caused the precipitation of coarse intermetallic
particles. After T6 heat treatment, precipitation of nano-sized Mo-bearing phases, but
no significant improvement in mechanical properties was achieved due to the adverse
effects previously described [123]. Strontium itself, in addition to modifying the eutectic
morphology, can also promote suppression of the deleterious effects of the 3-AlFeSi phase,
either by favoring the precipitation of the Chinese script x-AlFeSi phase or by refining
the needle-like structure of the first. Suppression effects attained by the combination of Sr
with P have also been reported [66]. In Al-Si-Mg alloys with Cu, Mn and Ni additions, the
introduction of Sr led to a reduction of the area fraction of 3-AlFeSi [47].

2.5. Rare Earth (RE) Elements

Master alloys containing RE elements have also been developed for application in Al
alloys. Most compositions contain around 10% RE, close to the eutectic composition of the
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majority of Al-RE binary systems [66]. The addition of rare earth promotes the formation of
thermally stable intermetallics that, when dispersed in the matrix, contribute to microstruc-
tural refinement, with reduction of secondary dendritic arm spacing (SDAS), modification
of eutectic morphology and grain boundary strengthening, leading to enhancement of
high-temperature strength [124]. Eutectic modification by rare earth elements has been
explained on the basis of the impurity-induced twinning (IIT) mechanism, which proposes
that modifying atoms are absorbed on the {111} steps of the growing Si crystal, leading to
the formation and growth of twins along {112} directions. This theory states that the ideal
ratio between atomic radii of the element and of Si is close to 1.646, and this ratio varies
between 1.5 and 1.7 for all REs. However, RE elements were also observed to increase the
solidification interval in Al-Si alloys, in addition to reducing the nucleation temperature of
the eutectic phase and increasing undercooling [125]. The use of RE can also reduce the
tendency of hot tearing susceptibility during casting [126]. Adding rare earths can also
bring positive effects to corrosion resistance because they form stable, protective oxides on
the surface of the part [18,127].

In A356 alloy, the addition of 3.5% mischmetal (mixture of rare earth elements typically
containing lanthanum, neodymium, praseodymium, cerium and iron impurities) led to
expressive increases, higher than 100%, in the high-temperature strength. On the other
hand, the ductility of the alloy underwent a significant decrease. These effects are attributed
to the precipitation of thermally stable precipitates of AISiRE and AlygTi;RE, which are
extremely hard and brittle, acting as stress concentration features, thus hindering elongation.
The application of T6 temper did not have any relevant impact on the morphology of
intermetallics, contributing only to the eutectic globularization. Upon the addition of rare
earth, a higher amount of the 7t phase was also observed, which is more stable at higher
temperatures than Mg,Si, another characteristic that might have led to the high-temperature
strengthening of the alloy [128]. Zhu et al. also studied the effects of mischmetal addition
in an A356 alloy and observed that the optimum concentration of RE to maximize strength
and elongation was 0.7% [129]. In an A356.2 alloy with 2, 4 and 6% mischmetal with and
without Sr modification, it was verified that, in the non-modified alloy, the increase of
RE content results in negligible hardness variation, whereas upon Sr modification, the
hardness of the alloy decreases significantly with the addition of mischmetal. The peak
hardness in all cases is achieved after aging at 180 °C; nonetheless, hardness levels are
higher in the alloy without rare earth addition or Sr modification. The behavior of the alloy
was explained on the basis that Sr is a more effective modifier than rare earth, and both
cause a reduction of the eutectic temperature, increasing undercooling levels and shifting
the eutectic point to higher Si concentrations, increasing the fraction of the ductile Al matrix.
Behaviors during aging were attributed to a possible interaction of Mg with rare earth
elements, meaning that less magnesium is available as solute to form the isothermal Mg,Si
phase [124]. The limited hardening of Cu-bearing alloys containing RE is also observed
due to their interaction with the element [130]. It is also believed that rare earth reduces
the diffusion rates of Cu and Mg, thus limiting the hardening effect of these elements
during aging [131].

The addition of lanthanum (AlLaj,) and scandium (AlSc,5) in concentrations of
0.25% to an Al-(9.0-11.0)Si-(0.20-0.45)Mg alloy led to noticeable increases in hardness
and ductility of the alloy, although strength increase was not as pronounced [65]. In an
Al-10Si-2Cu alloy, the optimum concentration of La from the viewpoint of hardness and
corrosion resistance was 0.6% [132]. A study on the addition of La and Sc to an Al-4.8Cu
has shown that amounts of 0.4% of both elements exerted expressive effects on strength
and ductility increase [133]. In a hypoeutectic Al-7Si alloy [134] and in an Al-5Mg-2Si-
0.6Mn alloy [135], the optimum amount of La for property enhancement was 0.1%; higher
additions led to the precipitation of coarse and embrittling intermetallics. In an A357 alloy,
the optimum amount of cerium added was 0.16%. At this concentration, the element led to
maximization of strength and ductility, owing to the formation of Ce-rich intermetallics
that contributed to grain size and SDAS reduction, modification of eutectic morphology
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and partial modification of the 3-AlFeSi phase. In excess, however, the element contributes
neither to microstructural refinement nor to the improvement of mechanical properties [136].
The optimum combined addition of Ce with ytterbium (Yb), known to promote eutectic
modification, to an Al-65i-0.6Mg-0.6Cu-0.2Cr alloy was 0.4% [137]. At concentrations up to
0.1%, the addition of europium (Eu) to an A356 alloy also led to microstructural refinement
and considerable enhancement of mechanical properties. The element was acknowledged
to increase undercooling for nucleation and growth during solidification. Its effect on
Si morphology modification was attributed to the restricted growth theory due to the
accumulation of Eu-rich clusters along the <112> Si growth direction and at the intersection
of <111> Si twins [138]. In an Al-55i-1.5Cu-0.4Mg alloy, the addition of 0.15% gadolinium
(Gb) or ytterbium (Yb) combined with 0.15% Zr resulted in significant improvement
of yield strength at room temperature and at 200 °C due to the formation of Al-Si-Yb
and Al-Si-Cu-Gd phases and to the precipitation of (Al,Si);Zr during homogenization
(495 °C/3 h) [139]. Li et al. studied the effect of combined additions of 3.6% Mg and 0.5%
La to a eutectic Al-Si alloy. The amount of Mg was calculated in order to fully convert
the acicular  phase into the Chinese script 7 phase, whereas La was used for eutectic
modification. Upon solution treatment at 560 °C/6 h, m phase underwent fragmentation
and growth. The successful conversion of the {3 phase contributed significantly to improve
mechanical properties and the resulting quality index [140].

Qiu et al. assessed the modification effect in an A356 alloy with the addition of a
master alloy with the composition Al-65r-7La in an amount of 0.5%. As compared with the
non-modified variation, the alloy conventionally modified with Al-5Ti-1B and Sr presented
increases of 7.9% in strength and 114.2% in elongation. When the new master alloy was
used, increases were 22.9% and 226.6%, respectively, leading to a significant elevation of
the alloy’s quality index. Beneficial effects were credited to a decrease in SDAS values
combined with eutectic morphology modification. Additions higher than 0.5% of the
master alloy, however, led to worsening of properties and reduction of quality index [141].
Likewise, Wu et al. produced an Al-55r-8Ce master alloy and verified that its addition to a
level of 0.4% resulted in beneficial microstructural refinement and eutectic modification;
in higher amounts, no positive effect was noted [142]. More recently, Ding et al. showed
the benefits of adding 0.2% Al-3Ti-4.35La to an Al-7Si alloy due to eutectic modification,
which was attributed to the impurity-induced twinning mechanism (IIT) [143]. Luo et al.
demonstrated the beneficial effects of the addition of 500 ppm La + 200 ppm B + 150 ppm Sr
to an Al-10Si alloy, with simultaneous grain refinement and eutectic modification, resulting
in enhanced strength and ductility [144]. Nevertheless, comparing the isolated effects of Sr
and La, minimum additions of 1% La are necessary to obtain modifying effects comparable
to those achieved by the addition of 0.01% Sr in A356 alloy [64].

When Sr is present in solution in Al-Si alloys, the addition of La and Ce negatively
affects the eutectic modification effect due to a possible reaction between Sr and these
elements. This effect can be partially counteracted by higher La additions since it can also
modify the eutectic phase, in addition to acting as grain refiner; as a downside, excessive
lanthanum additions lead to the precipitation of coarse intermetallics harmful to the alloy’s
properties [130,145]. In the presence of Sr, the application of adequate solution treatments
may cause fragmentation of these intermetallics [130,146]. Also, upon higher cooling rates,
La and Ce, just like Mo and Zr, can form fine particles that contribute actively to the alloy’s
hardening. In work on the effect of the addition of these elements to an Al-Si-Mg-Zn alloy,
the addition of Mo and Zr led to increased strength and hardness, and the later addition of
La and Ce further improved these properties [147]. The addition of La and Ce to the A356
alloy was also acknowledged to increase the solidification interval, hindering the feeding
of the melt [146]. Table 5 lists the optimum results of works by several authors whose focus
was the addition of rare earth to Al alloys.
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Table 5. Examples of results obtained by different authors whose works focused on the effects of the
addition of rare earth to Al alloys.

Optimized Alloy Composition (wt%) Condition UTS (MPa) A (%) Q (MPa) Casting Technique Ref.
A356-0.5(Al-6Sr-7La) As cast 230.0 12.0 391.9 Permanent mold casting [141]
A356-0.4(Al-55r-8Ce) T6 280.0 10.0 430.0 Permanent mold casting [142]

Al-2.055i-5.16Mg-0.62Mn-0.09La As cast 275.0 5.5 386.1 Squeeze casting [135]
Al-5.9881—0.63%562.}0%55%62Cu-0.19Cr- T6 336.8 7.5 468.1 Permanent mold casting [137]
Al-6.95i-0.29Mg-0.099Fe-0.18Ti-0.7MM ! T6 285.0 10.3 436.6 Permanent mold casting [129]

Al-6.985i-0.35Mg-0.08Fe-0.13Ti-0.99La As cast 273.0 6.9 399.0 Permanent mold casting [64]

Al-7.0Si-0.1La T6 350.2 12.8 516.0 Permanent mold casting [134]
Al-7.0Si-0.2(Al-3Ti-4.35La) As cast 178.0 12.0 339.9 Permanent mold casting [143]

Al-(9.0-11.0)Si-(0.20-0.45)Mg-0.55Fe-
0.15Ti-0.45Mn-0.25AlILa12

Al-9.655i-0.61Mg-0.12Fe-0.31Mn-
0.15Mo-1.04Zn-0.13Zr-0.06La-0.06Ce

Al-10.0Si-0.0155r-0.02B-0.05La As cast 200.0 55 311.1 Permanent mold casting [144]
Al-(12.54-12.68)Si-(3.52-3.63)Mg-(0.78—

As cast 230.0 8.2 367.1 Permanent mold casting [65]

Aged 362.0 3.8 449.0 High-pressure die casting [147]

0.82)Fe-(0.47-0.54)La T6 312.0 43 406.7 Permanent mold casting [140]
Al-7.175i-0.474Mg-0.135Fe-0.142Ti- .
0.023V-0.16Ce T6 325.0 45 423.0 Permanent mold casting [136]
Al-7.15i-2.9Mg-0.16Fe-0.095Eu T6 265.0 14.7 440.1 Permanent mold casting [138]
Al-4.85Cu-0.38La As cast 175.0 10.5 328.2 Permanent mold casting [133]
Al-4.78Cu-0.37La-0.42Sc As cast 225.0 9.0 368.1 Permanent mold casting [133]

1 MM: mischmetal.

2.6. Other Transition Elements

Transition elements, e.g., hafnium (Hf), scandium (Sc), titanium (Ti), vanadium (V)
and zirconium (Zr), show potential for high-temperature strength improvement in cast
Al alloys [148]. In a cast and hot-isostatically-pressed 356 alloys, the addition of 0.5%
Cu + 0.15% Ti + 0.15% Zr + 0.25% V, together with eutectic modification by 150 ppm Sr,
led to significant improvements in ultimate and yielded strengths of the alloy, both at
room and high (237 °C) temperatures. At room temperature, yield strength increased from
210 MPa to 268 MPa, while ultimate strength was raised from 224 MPa to 279.3 MPa. At
high temperatures, yield strength went from 122 MPa to 167 MPa and ultimate strength
from 149 MPa to 186 MPa. In both cases, however, the strength increase was accompanied
by a decrease in elongation, most likely due to the presence of hard, brittle phases that bring
the benefit of being stable at higher temperatures [149]. Since all elements were added
together, it is difficult to understand the contribution of each one separately. However,
at least in an Al-Cu 224 alloy with individual and combined additions of Ti, Zr and V,
Zr + V and Ti + Zr + V presented the best performance both at room and high (300 °C)
temperatures, with the addition of Zr, in general, providing the best effect of 6’ stabilization
at high temperatures [150].

Zirconium is usually added together with scandium to promote the formation of stable
(Sc,Zr)Al; precipitates [151]. In an A356 alloy, the addition of the element in concentrations
between 0.1 and 0.3% led to grain refinement due to the precipitation of ZrAlj particles
prior to the solidification of the Al matrix, acting as heterogeneous nucleation sites for the
matrix. Additionally, although not as effective as the B phase for hardening purposes,
ZrAlj particles do not grow as much as ' particles at temperatures around 150 °C, being
useful, therefore, to maintain the hardness of the alloy constant at higher temperatures [152].
An addition of 0.1% Zr to an Al9SiMg alloy also resulted in a significant improvement in
castability, although the effect on mechanical properties was not as significant [153]. Just as
hafnium, Zr forms Si; X (X = Hf, Zr) dispersoids that are thermally stable, leading to the
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enhancement of fatigue strength and creep behavior at high temperatures [148,154,155].
However, the addition of both elements combined to an Al-75i-0.3Mg alloy resulted in a
worsening of high-temperature strength [148]. In an Al-10Si-0.65Mg-0.5Mn, the addition of
0.2% Zr increased the liquid temperature and solidification interval and led to the precipita-
tion of needle-like Zr-enriched phases. Alone, it exerted a negative impact on mechanical
properties, especially ductility. However, when combined with 0.2% Mo, which acted to
suppress the formation of 3-AlFeSi and promote the formation of a-Al(Fe,Mn,Mo)Si, it did
not hinder the alloy’s properties [122]. Moreover, in an Al-85i-0.3Mg, it was observed that
the combined additions of Zr, Mo and V (between 0.15 and 0.33%) led to increases as high
as 27%, 32% and 61% in yield strength, ultimate strength and elongation, respectively [156].

In combination with erbium (Er), the addition of Zr to the A356 alloy brought improve-
ment to high-temperature properties, specifically regarding creep, in addition to increasing
the maximum hardness achieved by the alloy after aging [157,158]. Huang et al. observed
both SipZr and (AlSi);Zr dispersoids in an Al-75i-0.3Mg alloy with 0.16% Zr, to whom an
improved creep performance was attributed [159]. Isolated, it has been verified that the
addition of 0.3% Er to an A356 alloy is also helpful in improving mechanical properties
due to the precipitation of fine ErAl; particles, the consequent microstructural refinement
and an effect of suppression of the 3-AlFeSi phase [160]. In an Al-11.55i-4Cu alloy, it was
verified that the addition of 0.2% Zr contributes more effectively to the improvement of
strength at room temperature. Nonetheless, at high temperatures, Zr causes overaging,
while Mn retards this effect, meaning that this element contributes more effectively to the
thermal stability of the alloy, preventing strength reduction at higher temperatures [161].
In 224 (Al-Cu) alloys, the combined additions of V and Zr have shown themselves greatly
beneficial to mechanical properties, both at room and high temperatures (300 °C) [151].

In Al-Cu alloys containing Mn, Mg and Ti, scandium and silver (Ag) additions led to
an expressive microstructural refinement, with Sc acting more effectively than Ag on grain
refinement. While the addition of silver caused higher strength and lower ductility levels
due to the stronger contribution of the () phase precipitation to hardening, the addition of
Sc resulted in a significant ductility increase combined with lower strength levels [162]. In
an A357 alloy cast in sand and metal molds, the addition of 0.5% Sc led to a more significant
reduction of grain size after sand casting, while the effect on SDAS was more notable in the
metal-cast condition. Regarding mechanical properties, the element induced the increase
of ultimate strength and yield strength after T6 treatment, the latter particularly expressive
in the sand-cast condition, meaning that Sc reduces the sensitivity of these properties to
the cooling rate. Ductility, on the other hand, was significantly improved in the alloy cast
in metal mold due to SDAS reduction [163]. The addition of 0.2% Sc to an Al-11.5Si-4Cu
also showed itself effective in improving high-temperature strength, mainly due to the
promotion of 6’ and 0" precipitation during aging, as well as improvement of thermal
stability of these phases, preventing their transformation into 6. Furthermore, the element
provided a refinement effect and the suppression of (3-AlFeSi, which was replaced by
(Fe,Sc)-rich phases [164].

The adequate addition of nickel (Ni), as well as Mg and Cu, and the application of
heat treatments, can increase mechanical strength, wear resistance and even ductility of
Al-Si alloys due to solid solution hardening [165]. Also, the addition of Ni is believed
to improve corrosion resistance [55]. In an HPDC A384 alloy, the addition of 0.2% Ni
led to the best strength-ductility combination, while an amount of 0.5% Ni caused the
maximization of age hardening [166]. In Al-Si-Mg-Cu alloys containing Zr, additions of Ni
and Mn resulted in strength improvement, but ductility’s behavior did not present any clear
trend. Higher Ni additions (4%) and the combination of Mn and Ni (0.75% + 2%) led to
ductility losses. After T6 treatment, the combined addition did not result in a strength gain
as high as those achieved upon the isolated addition of these elements. In these conditions,
improvements can be attributed to the presence of phases such as AlsNi, AlgFeNi, Al3CulNi
and Aly5(Fe,Mn)3Si; and to the formation of fine precipitates after heat treatment. In excess,
nonetheless, these phases become harmful to mechanical properties. Also, the presence of
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excessive Ni consumes all Cu available to form Al3;CuNi, thus limiting the precipitation of
0’ during aging [167].

In A356 alloy, nickel’s effect appears to depend on the composition of the alloy and
on solidification conditions. Lattanzi et al. observed that the addition of Ni in amounts
between 0.5% and 2% continuously decreases strength, both in as-cast and T6 conditions.
Authors attributed strength reduction to the inability of the network formed by eutectic Si
and Ni-rich intermetallics to act as effective obstacles to crack propagation. The fragile be-
havior of the alloy increased with the increase in Ni concentration [168]. On the other hand,
upon Sr modification of a Ti-bearing A356 alloy, Ozyurek et al. observed that Ni addition
in amounts up to 1% led to strength improvement with a slight reduction of ductility in
the T6 condition. This concentration of the element promoted a homogeneous morphology
distribution of eutectic Si, while higher additions caused the phase to agglomerate. The
fracture was caused mainly by Ni-rich intermetallics [169]. Strength evolution as a function
of Ni amount in both studies is shown in Figure 14. As compared with Cu at the same
concentration levels in Al-75i alloys, both non-modified and modified with 200 ppm Sr, Ni
does not appear to increase ultimate strength as effectively but does increase yield strength.
The impact of Ni on ductility is stronger than that of Cu [170].

300

i-l— Lattanzi et al. |
{-e- Ozyurek et al.

280
260 -
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UTS (MPa)

220
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Figure 14. Results of ultimate tensile strength (UTS) obtained of A356 alloy as function of Ni content
obtained by different authors (data from [168,169]).

Casari et al. evaluated the influence of Ni (600 ppm) or V (1000 ppm) addition
on tensile and impact properties of the A356 alloy without grain refinement or eutectic
modification. In sand-mold-cast conditions, both elements led to increased strength after
the T6 temper treatment, whereas the addition of Ni led to a strength decrease and the
addition of V led to a strength increase in the as-cast condition. After casting in a permanent
mold, no significant influence was detected [171]. Regarding impact toughness, both Ni
and V additions led to enhanced energy absorption after sand casting in as-cast and T6
conditions. When cast in a permanent mold, the as-cast alloy presented lower toughness
after the addition of both elements but higher toughness after the T6 temper [172]. In
an HPDC A360 alloy, the addition of V in amounts between 0.1 and 0.7% resulted in
dendritic refinement but led to higher levels of microstructural heterogeneity. The higher
the microstructural refinement effect, the worse the tensile and impact properties of the
alloy, meaning that V addition also possesses an embrittling effect. The addition of 200 ppm
Sr managed to counteract these effects, promoting slight increases in strength, ductility
and toughness, while additions of 0.02-0.2% B resulted in a strength decrease, but ductility
and toughness were considerably enhanced [173]. In a 6101 alloy, the addition of Ni as
an alternative to Mn and Cr led to the transformation of the 3-AlFeSi phase into an Al-
Fe-5i-Ni intermetallic with rod-like morphology, and the optimum amount of Ni added
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to the alloy was 0.2%, while higher additions resulted in limited ductility [174]. From the
viewpoint of corrosion, the effect of 0.5% Ni addition to an Al-75i-0.35Cu-0.25Zn-0.6Fe was
time-dependent: for short measurements, the Ni-bearing alloy showed lower corrosion
resistance; however, after long exposure (30 days), the formation of an alumina layer
enriched with Ni on the surface led to a significant improvement [175].

Elements such as tin (Sn) and zinc (Zn) do not appear to perform any beneficial
effect on the properties of HPDC Al-Si-Cu alloys. Zn promotes negligible solid solution
strengthening when Mg content is lower, but it also accelerates softening due to over-aging
at high temperatures, and Sn also hinders castability. Therefore, their concentrations in
the alloy should be minimized [39]. With respect to corrosion resistance, Zn addition to
Al-Si-Cu has shown to firstly reduce corrosion rates due to the formation of a protective
oxide layer over Al,Cu particles and then exert the opposite effect in amounts above ca.
1% due to the alteration of the morphology of these particles [176]. In 7xxx series’ alloys,
increasing Zn concentration between 5 and 11% resulted in higher hot tearing susceptibility
and melt viscosity, besides increasing strength at the expense of a ductility reduction [177].

The addition of indium (In) to an Al-Si-Cu alloy resulted in a maximum hardness
increase after aging, with a reduction of the time needed to achieve such hardness. Indium
nanoparticles were present in an amount more than twice that of Al,Cu precipitates, with
sizes significantly smaller as compared with those observed in the alloy without the element,
meaning that In nanoparticles can act as heterogeneous nucleation sites [178]. In HPDC
alloys, the combined additions of Mg and germanium (Ge) accelerated the aging response
due to the formation of intermetallic phases [179]. In Al-Si-Cu-Mn-Ni alloys, the addition
of 200 ppm B altered the morphology and refined the primary AlzMnSi, phase, being
the effect attributed to the formation of borides that also acted as nucleation sites [180].
Adding proper amounts of yttrium (Y), as well as Ni, Ti and Cu, can improve hot tearing
susceptibility due to the precipitation of Y-rich phases that lead to the reduction of the
solidification interval. However, results have shown that hot tearing susceptibility firstly
decreases but then increases as Y concentration is continuously increased in an Al-4.4Cu-
1.5-Mg-0.15-Zr. The optimum amount of yttrium regarding hot tearing in the alloy was
of 0.15%. Above that, in addition to increasing hot tearing susceptibility, the element also
promotes microstructural coarsening, and the effect of reduction of the solidification interval
is damped. The deleterious role of excessive Y can be explained by the precipitation of
coarse (AL Y)-rich particles that tend to agglomerate, hindering feeding of liquid metal [126].
Table 6 summarizes optimized compositions obtained by the addition of transition elements
and their respective properties.

Table 6. Examples of results obtained by different authors whose works focused on the effects of the
addition of various elements to Al alloys.

Optimized Alloy - o . .
Composition (wt%) Condition UTS (MPa) A (%) Q (MPa) Casting Technique Ref.
Al1-0.42Si-0.58Mg-0.19Fe- HO! +CR?2 + .
0.097Cu4-0.20Ni Té 240.0 14.8 415.5 Permanent mold casting [174]
Al-6.675i-0.53Mg-0.19Fe-
0.16Ti-0.56Cu-0.12Mn-0.07Cr- As cast 145.0 7.8 278.8 Permanent mold casting [122]
0.22V-0.10Zr-0.0156Sr
Al-7.015i-0.62Mg-0.04Fe- .
0.08Ti-0.535¢ T6 384.0 11.3 542.0 Permanent mold casting [163]
Al-7.685i-0.30Mg-0.14Fe-
0.05Ti-0.51Mn-0.15Mo-0.25V- T6 214.4 5.0 319.2 Permanent mold casting [156]
0.19Zr-0.012S5r
Al-8.335i-0.36Mg-0.25Fe-
0.096Ti-0.134Cu-0.27Mn- As cast 164.2 1.6 194.8 Sand casting [153]

0.014Cr-0.12Zn-0.30Zr
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Table 6. Cont.

Optimized Alloy
Composition (wt%)

Al-9.775i-0.63Mg-0.13Fe-

0.059Ti-0.46Mn-0.20Cr- As cast 142.0 7.9 276.6 Permanent mold casting [122]
0.19Mo-0.22Zr

Al-10.15i-0.65Mg-0.13Fe-
0.066Ti-0.52Mn-0.19Cr- HIP3 + T6 279.3 44 375.8 Permanent mold casting [149]
0.20Mo-0.003Zr

Al-(9.0-11.0)Si-(0.20-0.45)Mg-

Condition UTS (MPa) A (%) Q (MPa) Casting Technique Ref.

0.55Fe-0.15Ti-0.45Mn- As cast 235.0 8.6 375.2 Permanent mold casting [65]
0.25A15¢2.2
Al-11.55i-0.30Mg-0.74Fe- High-pressure die
3.82Cu-0.21Mn-0.28Ni-0.025r To 429.9 36 5139 casting [166]
Al-6.645i-0.24Mg-0.08Fe- Té 287.0 N.A. N.A. Permanent mold casting [168]
0.44Ni
Al-7.185i-0.33Mg-0.59Fe- .
0.11Ti-1.05Ni-0.020Sr T6 240.0 6.0 356.7 Sand casting [169]
Al-6.95i-0.34Mg-0.087Fe- .
0.061Ni-0.007V T6 284.8 3.3 361.6 Permanent mold casting [171]
Al-6.995i-0.35Mg-0.094Fe- .
0.003Ni-0.108V T6 289.5 3.6 3729 Permanent mold casting [171]
Al-4.78Cu-0.37La-0.42Sc As cast 225.0 9.0 368.1 Permanent mold casting [133]

! Homogenized; 2 Cold rolled; ® Hot-isostatically pressed.

3. Concluding Remarks

An overview of the studies focused on the microstructural modification of hypoeutectic
casting Al alloys, mainly Al-Si-based, by the addition of various alloying elements, has been
provided. The primary conclusion to be drawn is that a given element hardly ever presents
an invariable effect on the microstructure and properties of these alloys. Firstly, because
other elements can be present in the alloy, each with their own characteristics, and with
whom these intended additions, at times, will inevitably interact. These interactions can be
either beneficial or harmful. Furthermore, casting conditions, e.g., pouring temperature,
holding time, solidification rate, casting practices (filtering, cleanliness, turbulence), as well
as heat treatment conditions, can directly impact the quality of the final component and
also play key roles in the consolidation of the microstructure.

Nevertheless, some specific trends can be observed:

e  With respect to optimization of the morphology of eutectic Si, strontium addition
remains the main route for achievement, usually at amounts no higher than 200 ppm
to avoid issues related to porosity and coarse precipitate formation, although the use
of antimony has also been a matter of interest, although an excessively wide range
of Sb concentration in Al alloys has already been assessed and, in general, these are
higher than the ones necessary for Sr. The use of alkaline metals, such as sodium and
calcium, does not appear to be advantageous.

e  Regarding grain refinement, Al-5Ti-1B master alloy remains the material of choice to
achieve this goal, usually added in amounts up to 0.15wt%. However, the interest in
the development of other refiners that can overcome the poisoning effect to which
the Ti-B-based ones are susceptible in certain compositions, as well as the idealization
of master alloys with multiple actions, e.g., grain refinement + eutectic modification
at one, is pointed out. In this sense, the development of Al-Ti-C-B-based, Nb-based
and RE-based systems is noteworthy, as well as all of them being added in similar



Metals 2023,13, 1174 29 of 36

concentrations as those used for the Al-Ti-B-based ones. Rare earth elements still bring
the additional advantage of improving the corrosive properties of Al alloys.

e  Toovercome the deleterious effect of the needle-shaped (3-AlFeSi phase, the addition of
manganese appears to be the most straightforward solution, especially considering the
low cost and availability of the element. Despite the existence of the Fe:Mn = 2:1 rule
of thumb, relatively high Mn concentrations, around 0.1-0.2%, have been successfully
used. Other elements—Cr, Mo, V, W, Ni—can also perform this neutralizing action.
The challenge remains to define optimum amounts to be added to the alloy to ensure
that the deleterious phase is completely neutralized without the formation of inter-
metallic phases in excess and too coarse, which can be equally harmful to the alloy’s
performance. This is a matter of vital importance, especially considering the increasing
recycling trend since recycled Al alloys usually present even higher Fe amounts.

e  Several elements, especially transition elements and rare earth, can be used for the
purpose of improving strength and thermal stability. Again, careful design of these
additions is necessary to avoid the formation of coarse precipitates and aggregates that
provide no tangible benefit to the final material. Promising transition elements include
nickel, vanadium, scandium and zirconium, whose optimum amounts will rely on
base alloy composition and desired properties. Their effects on corrosion are disputed
and appear to depend on exposure conditions in addition to element concentration.
The relevance of studies focused on thermal stability justifies itself by the increasing
interest in critical applications of Al alloys in the automotive and aerospace sectors to
maximize weight reduction.

e  Studies focused on the careful design of alloying elements” amounts are necessary to
help overcome cost-related issues, provided that several of the promising elements,
such as niobium, rare earth and transition elements, are relatively expensive. In this
sense, property optimization can counteract economic issues by allowing the use of
less material and reduced sections in components to achieve similar strength levels.
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