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Abstract

:

Strontium-based modifier alloys are commonly adopted to modify the eutectic silicon in aluminum-silicon casting alloys by changing the silicon shape from an acicular to a spherical form. Usually, the modifier alloy necessary to properly change the silicon shape depends on the silicon content, but the alloying elements’ content may have an influence. The AlSr10 master alloy’s modifying effect was studied on four Al-Si alloys through the characterization of microstructural and mechanical properties (micro-hardness and impact tests). The experimental results obtained on gravity cast samples highlighted the interdependence in the modification of silicon between the Si content and the alloying elements. After modification, a higher microstructural homogeneity characterized by a reduction of up to 22.8% in the size of intermetallics was observed, with a generalized reduction in secondary dendritic arm spacing. The presence of iron-based polygonal-shaped intermetallics negatively affects Sr modification; coarser silicon particles tend to grow close to α-Fe. The presence of casting defects such as bifilm reduces Sr modification’s beneficial effects, and little increase in absorbed impact energy is observed in this work.
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1. Introduction


In recent years, aluminum-silicon casting alloys have been given high consideration thanks to their excellent mechanical properties and generally good corrosion resistance [1,2]. Moreover, these alloys are characterized by high fluidity, good weldability, and low thermal expansion coefficient [3].



Several fields of application adopt aluminum alloys or aluminum composites [4], especially the automotive industry [5,6], where the light weight of aluminum alloys allows the reduction in cars’ weights and, consequently, greenhouse gas emissions [7]. From this point of view, it is not surprising that a great deal of publications consider aluminum-silicon alloys and aluminum composites or functionally graded materials for automotive applications, especially adopted to manufacture powertrain components such as pistons by traditional techniques [8,9] or by powder metallurgy [10,11], and process-related issues [12]. Thanks to alloying elements such as Mg and Cu, aluminum-silicon alloys are susceptible to heat treatment to achieve better mechanical properties. Heat treatment usually involves a first step where solubilization takes place, as the alloying elements solubilize into the α-aluminum matrix, and a second step of artificial aging, where intermetallic phases nucleate into the α-aluminum matrix, thus increasing mechanical properties [13]. During heat treatment, silicon shape modification takes place, and the eutectic silicon morphology changes from acicular to spherical; the magnitude of this transformation depends on the heat treatment parameters (times and temperatures) [14].



On the other hand, several chemical elements can promote the modification of eutectic silicon [15] instead of heat treatment: Sr, Na, K, Rb, Ca, Ce, La, Ba, and Yb. In [16], the authors investigated the effect of Ba, Ca, Y, and Yb on 356.0 alloy, observing that these elements modify the eutectic silicon to different degrees. Ba and Ca lead to a good or very good modification of Si into a fine fibrous silicon structure, especially Ba, which led to the best modification among the elements analyzed for the specific alloy composition. Y and Yb caused a plate-like structure, and the same result was underlined in [17] for alloy A357 (EN AC 42100). When aluminum-silicon alloys were modified by Yb and Sr, the nucleation temperature of the eutectic silicon decreased, its shape changed from a coarse plate-like to a fine fibrous structure [18]. As regards Eu [19], research has evidenced a very good modification already with 0.05% w.t. Eu in Al-5% Si alloy. Addition of 1% w.t. Ce [20] led to a partial eutectic modification, while the addition of 1% w.t. Ce and 0.04% w.t. Sr can modify the eutectic structure.



In [21,22], the authors studied the relation between the increase in Sc levels and the refining and modification effects in Al-Mg2Si alloys and found that the silicon shape evolves from a rough plate-like shape to a thin coral-like and fine fibrous morphology.



Al-Si alloys are commonly modified in industrial practice by employing the master alloy Al-Sr10 [23,24]. Experimental evidence demonstrated that Sr modification’s effectiveness depends on both the Sr quantity and the metal quality. High metal quality (minor oxide into the melt) requires a low Sr amount [25]. As proposed in [26], the eutectic phase and the intermetallic phase β-Al5FeSi nucleate on the same nuclei; it is conceivable that Fe affects the eutectic phase. In fact, in [27], it was demonstrated that the number of eutectic grains in Sr-modified alloys containing 10% w.t. silicon is lower when the amount of Fe is higher. As regards mechanical properties, in [28], the authors investigated the effect of refining the Sr-modified A356.2 alloy on the mechanical properties, finding an increase in impact-released energies with the decrease in the grain size after Sr addition. In [29], Sr addition was investigated in the alloy EN AC 46000, and it was found that Sr causes a substantial improvement in tensile properties compared to the as-cast properties. The addition of 276 ppm of Sr increases ultimate tensile strength from 300 to 350 MPa and causes an increase in elongation at rupture from 3% to 6%. Furthermore, a decrease in eutectic temperature nucleation was observed and outlined in alloy A319 [30]. The same behavior was outlined in [31] for high-purity hypoeutectic alloys.



In this work, four aluminum-silicon casting alloys were analyzed. Samples were studied in the unmodified condition or after the use of the master alloy AlSr10. Alloys were cast by gravity casting, and samples were prepared and analyzed in terms of microstructure (silicon shape and intermetallic fraction) and mechanical properties (micro-hardness and impact tests) to find a relationship between the modification and all of these parameters. Intermetallic phase evolutions after the Sr adoption were also investigated to highlight how the various intermetallic phases are affected by Sr for each alloy. Based on the literature, the main intermetallics found in the alloys are reported in Table 1. The goal of the work is to highlight relationships between eutectic characteristics and Sr addition.




2. Materials and Methods


The effect of AlSr master alloy addition to four aluminum-silicon alloys with different silicon contents was studied in this work. Three alloys belong to the hypoeutectic alloys group—EN AC 42100 (AlSi7Mg0.3), EN AC 45300 (AlSi5Cu1Mg), and EN AC 43500 (AlSi10MnMg)—while the fourth alloy belongs to the eutectic system, EN AC 48000 (AlSi12CuNiMg). Compositional details for the alloys, from now on named alloy 1, alloy 2, alloy 3, and alloy 4, are shown in Table 2. The composition data refer to standard 1706 and technical datasheets.



All of these alloys can be reinforced by precipitation hardening because they contain a certain Mg tenor (reinforcing by nucleation of Mg2Si intermetallics); alloys containing Cu can additionally form Al2Cu and AlCuMg phases [36], and Ni-containing alloys can form Al3Ni and other complex intermetallic phases [37]. The presence of Fe and Mn leads to obtaining Fe-based intermetallic phases such as Al5FeSi, Al8FeMg3Si6, and Al15(FeMn)3Si2 [38], as reported in Table 1.



Each alloy was separately melted in a graphite crucible, and 250 ppm AlSr10 master alloy was added for the modification 10 minutes before casting. Casting temperatures were set to 710 °C for alloy 1 and alloy 2 and 730 °C for alloy 3 and 4. No drossing agents and fluxing agents were used. Castings obtained (eight in total: four modified and four unmodified) were cut into smaller samples of 25 mm × 25 mm × 10 mm and then polished using SiC papers from 180 to 2400 grit, diamond paste, and colloidal silica for microstructural analysis and micro-hardness measurements.



After polishing, the microstructures were investigated using an optical microscope (optical microscope LEICA MEF4M, Leica Microsystems, Heerbrugg, Switzerland), and the eutectic area percentage, eutectic particles’ shape, and particles’ dimensions were measured at three different parts of each sample using an image analysis software (LEICA QWin, version 3.5, Leica Microsystems, Heerbrugg, Switzerland). It is important to note that the measured morphological features (eutectic average particle size, percentage of the occupied area, and circularity) included intermetallic phases and silicon. Intermetallic phase areas were then measured using an image analysis algorithm with the open-source software ImageJ.



The eutectic area percentage, which is the eutectic percentage calculated in a specific area, was measured for each alloy using three micrographs at magnification 20X. The eutectic shape, particle dimensions, and intermetallic dimensions were measured using three images at 50X magnification for each sample, and finally, secondary dendrite arm spacing (SDAS) was measured as reported in ref. [39] by measuring thirty dendrites for each sample, employing three images at 10X magnification. Details about the SDAS measurement and image analysis are shown in Figure 1. Alloys’ micro-hardness was calculated as an average value from ten indentations for each specimen (parameters: 15 s, 500 gf, HV 0.5) using a LEICA VMHT tester, Leica Microsystems, Heerbrugg, Switzerland. Micro-hardness was adopted instead of macro-hardness because smaller indentations may permit observing the AlSr10 effect in eutectic regions.



Since impact tests can estimate the ductility of alloys under conditions of rapid loading [23], these tests were conducted to assess the effectiveness of the modifications. Tests were performed using three specimens for each type of casting (modified and unmodified), milled at a size of 10 mm × 10 mm × 55 mm, following the ASTM E29-16b standard TG5113E, Zwick Roell, Genova, Italy. Expected absorbed energies are low, as noticeable from previous work where the energy absorbed for aluminum composite samples (alloys EN AC 48000 and EN AC 42100) was, at maximum, 20 J [40]. Moreover, other research in the literature reported absorbed energy of almost 15 J in [28], a maximum of 7 J for alloy 356.0 in [41], and an average value of 7 J for various alloys AlSi10 [42].




3. Results and Discussion


3.1. Microstructures and Intermetallic Phases


Microstructures in unmodified alloys depend on the intermetallic phases, which depend on the alloying elements. As previously mentioned, the alloys studied in the present work contain a certain amount of Fe, Mn, and Mg. Additionally, alloy 1 and alloy 4 contain Cu and Ni (as reported in Table 2). The microstructures of the unmodified and modified alloys are reported in Figure 2. Some intermetallic phases are detectable by optical microscopy. The amount of intermetallic phases in the alloys and their influence on mechanical properties depend mainly on the alloys’ compositions. Some of these intermetallic phases are known to be detrimental [43] as β-Al5FeSi, increasing the iron content, causes elongation reduction. Fe-β intermetallic phases were profusely found in alloys 1 and 3. Cu substantially influences both strength and hardness, already in the as-cast state [44].




3.2. Micro-Hardness


Micro-hardness measurements were carried out in the middle of the samples, and the results are reported in Figure 3. Micro-hardness varies slightly after adding Al-Sr; for alloys 1 to 3, a subtle increase in micro-hardness was observed after Al-Sr addition, while micro-hardness decreased for alloy 4 after Al-Sr addition. Such differences in micro-hardness are relatively narrow, and a neat, systematic trend was not observed. Positively, intermetallic phases affect the alloys’ hardness; particularly, alloys with higher Cu, Fe, Ni, and Mg contents can form harder intermetallic phases than other alloys. Based on the alloying elements shown in Table 2 and intermetallic phases listed in Table 1, alloy 1 and alloy 4 are expected to be the hardest ones because they contain strengthening elements such as Cu, Mg, Ni, Fe, and Mn; moreover, alloy 4 is the hardest because it contains the highest quantity of silicon. For the same reasons, alloy 3 is harder than alloy 2 because it contains a higher Si amount.



A larger dispersion in the measured micro-hardness was observed for the hardest alloys (alloys 1 and 4); such variability is due to the significant difference between the micro-hardness measured near the hard intermetallics and that measured in the soft α-Al matrix (maximum and minimum values measured were 100 and 72 HV0.5, respectively, in alloy 1 and 115 and 81 HV0.5, respectively, in alloy 4).



Micro-hardness appears dependent on alloying elements. This dependence is outlined in Figure 4. Only Si, Fe, Mg, and Cu were considered, because these elements affect the alloys’ micro-hardness. In Figure 4A, a parabolic trend between Si content and micro-hardness values is noticeable. Despite the increase in Si tenor, alloy 2 and alloy 3 present less micro-hardness than alloy 1. This behavior was due to their low amount of alloying elements. In fact, in Figure 4B–D, increases in micro-hardness by parabolic trends with Mg addition, Fe addition, and Cu addition, respectively, in modified or unmodified alloys are visible. The Fe effect could be well approximated by a linear trend too. Furthermore, trends in Figure 4E–H further clarify the impact of Fe, Cu, and Mg on micro-hardness. Alloy 2 and alloy 3 have lower Mg and Fe contents, while these elements cause an increase in micro-hardness.



Figure 4D clearly shown that the increase in micro-hardness is related to the presence of Cu. The higher the average Cu amount, the higher the micro-hardness, as observed for all of the alloying elements analyzed. The trends in Figure 4E,G are similar: it seems that the Fe amount almost does not affect the parabolic trend; in fact, the R2 values are similar in each case. On the other hand, trends in Figure 4B,F are similar, but the R2 value changes in both the alloy states (unmodified and modified); this makes the effect of Fe on micro-hardness values more evident.



Studying the evolution in micro-hardness as a function of the alloying elements may permit to assume, in advance, the micro-hardness attended for a specific alloy in the as-cast condition. In respect to the micro-hardness, all samples, modified and unmodified, have the same pattern.




3.3. Secondary Dendrite Arm Spacing (SDAS)


SDAS measurements were carried out in all samples to observe the difference between the modified and unmodified specimens, following the procedure reported in Figure 1. As noticeable from Table 3, the SDAS decreased in all alloys after the addition of AlSr10. Remarkably, the most significant decrease was noticed for those compositions with lower silicon content (alloy 1), while a minor decrease was observed in alloy 4. In detail, SDAS in alloy 1 was reduced by 34%, in alloys 2 and 4 almost by 16%, and in alloy 3 by approximately 8%. These average results suggest that Al-Sr reduces SDAS significantly for alloys with lower silicon contents.



However, the casting removal from the mold may affect SDAS comparison in alloys having similar silicon contents because delays in the casting extraction can slow the cooling rate down, thus increasing the measured SDAS.




3.4. Eutectic Modification


The eutectic region includes the eutectic silicon and the intermetallic phases. The Sr modification mainly influences the average particle size of the silicon, the silicon shape, and the area occupied by the eutectic phase into the alloys’ bulk (percentage of the eutectic silicon in a specific measured area). The eutectic size was strongly reduced after AlSr addition, as visible in Table 4 and Figure 5.



The eutectic phase’s size is different among the unmodified alloys, but such difference is reduced after modification with AlSr. Alloys with less silicon (alloys 1 and 2) have a eutectic size of approximately 10 µm, and alloys with more silicon (alloys 3 and 4) are closer to 2.5 µm; all the results from the image analysis are reported in Table 3 for each alloy. Figure 5 shows the relationships found between SDAS and alloying elements. In particular, in Figure 5A, a parabolic trend in both the unmodified and modified alloys is observed. Figure 5B shows the relation between SDAS and the average content of the alloying elements Fe, Mg, and Cu: in this graph, it is noticeable that the R2 parameter resulted very low; there is not a clear trend between the alloying elements and the SDAS measured. Finally, in Figure 5C, all the main alloying elements (Si, Fe, Mg, and Cu) were considered: for unmodified compositions, an excellent parabolic approximation having an R2 value of 0.999 is observed. This result indicates that there seems to exist a mathematical relation between SDAS and average alloying element, as in Equation (1):


y = −6.923 x2 + 31.71 x + 11.103



(1)




where y is the SDAS and x is the average sum of the elements Si, Fe, Mg, and Cu.



The measurement of circularity evaluates the particle’s perimeter’s smoothness: the smoother a particle becomes, the higher the circularity value. From Table 4, it seems that the best results were obtained for alloys 3 and 4. The evaluation of solidity instead is useful to characterize the regularity and roughness of a particle as it represents the ratio between the area of the measured particle and the perimeter of the imaginary convex hull around it. As regards solidity, as the particle becomes more solid, the solidity value approaches one.



A parabolic relationship between silicon content and particle size was found (Figure 6A). Alloys having a lower content of alloying elements have larger eutectic particle sizes. This behavior is due to the large presence of alloying elements favoring nucleation of intermetallics into the eutectic area, thus limiting the growth of silicon. On the other hand, in the modified alloys, a linear correlation between the reduction in eutectic particle size and the Si content increase is noticeable: the greater the Si content, the lower the Si size. Figure 6A–D display the eutectic particle size evolution related to Si, Fe, and Mg contents.



No clear trend was observed between Fe or Mg content and the reduction in eutectic silicon particle size. Essentially, the higher the Fe and Mg content, the higher the intermetallic phases that occur into the eutectic region; consequently, it seems that the modification acts to reduce some intermetallic phases’ size too, resulting in smaller average eutectic size, even though from the literature [45], it seems that the increase in Mg harms Sr modification. According to other research from the literature [34], a reduced effect of Sr modification was observed in alloys with higher Mg content. The reduction in the area occupied by the eutectic phase was reduced to a lesser extent (in magnitude) in alloy 1 and alloy 4, which are richer in Mg than the other alloys. Furthermore, Shabestari et al. in [41] demonstrated that if Mn is present, Sr has a negligible effect on modifying the form of the primary β-Fe phase. In this respect, a large amount of β-Fe phase was found in modified alloys 1 and 3, compositions which are rich in Mn.



In [46], the authors underline that despite Sr addition, α-Fe intermetallics do not dissolve into the Al matrix, while β-Fe intermetallics can be affected by Sr addition [47]. This behavior can be highlighted by measuring the main intermetallic phases, easily discernible under an optical microscope. The evolution of different intermetallic phases was studied in each alloy. Mainly, α-Fe phases, β-Fe phases, and Fe-Mg intermetallics were analyzed through the image analysis, finding a relation between Sr addition and intermetallic modification. Figure 7 shows the results regarding the main intermetallic phases detected in each alloy and their evolution (in terms of area occupied) after Sr addition. From Figure 6, it is arguable that β-Fe phases decrease after Sr addition; the area occupied by β-Fe intermetallic phases decreases further in alloys 1 and 3, where a high amount of β-Fe was detected—from 33.7 to 5.4 µm2 in alloy 1 and from 15.9 to 2.8 µm2 in alloy 3.



Furthermore, a decrease in the average occupied area of α-Fe in alloy 1 after Sr addition, from 55.9 to 39.7 µm2, was observed, with similar standard deviations. Alloy 4 shows a sharp increase in α-Fe after Sr addition, from 28.2 to almost 80 µm2. Looking at the average area results (Figure 7), it may be argued that Sr acts on β-Fe phases, causing its fragmentation in all the alloys. As for Mg-containing phases, they decrease their occupied area, apart from alloy 4, which increases both Mg2Si and α-Fe phases. Alloy 3 shows similar values in terms of average intermetallic phase area.



Intermetallic behaviors could be related to the eutectic particles’ size. For alloy 1, eutectic particle size decreased by 40.4%, and all the intermetallic phases decreased in average area; this indicates that the eutectic particle size decrease was mainly due to the intermetallic area reduction rather than Si reduction. Alloy 2 eutectic particle sizes decreased by about 70%, while an increase in the α-Fe area of about 50% was observed. This evidence indicates that the average eutectic area’s substantial decrease was mainly due to silicon reduction and Fe-Mg intermetallic reduction.



As regards alloy 3, the average eutectic particle area shrank by 86% after Sr addition. Looking at the intermetallic area evolution, it appears that the eutectic area decrease is attributable to both silicon and intermetallic reduction. Finally, in alloy 4, an increase in α-Fe and Mg2Si phases was detected. The reduction in the average eutectic particles’ area (almost 85%) is mostly attributable to a decrease in Si size.




3.5. Impact Toughness


Figure 8 shows the microstructures and the impact toughness values for alloys in the unmodified (bars on the left side) and modified conditions (bars on the right side). After modification, silicon particles in alloy 1 still had an acicular shape (Figure 8E), despite the average particle size decreasing by almost 70% for the unmodified sample (Figure 8A). This is not surprising; in fact, the measured circularity reported in Figure 3 remains constant. This behavior may be associated with the presence of large polyhedral Fe-based intermetallics in the eutectic region. As previously brought up, the eutectic regions in alloys 1 and 4 are composed of eutectic silicon and various intermetallic phases. Since intermetallic phases typically have polyhedral shapes, those phases negatively impact toughness and fracture behavior. Hence, despite the eutectic modification, impact energy absorbed cannot increase significantly, as depicted in the bar chart of Figure 8: alloy 1 energy rose from 5.43 ± 0.16 to 6.29 ± 0.69 J, and that of alloy 4 increased from 2.83 ± 0.13 to 3.17 ± 0.22 J. As regards alloy 2, many bifilms were found in the modified specimens; these bifilms probably reduce the final absorbed energies. As reported in [25], the melt quality affects the effectiveness of Sr modification. In this sense, the presence of bifilm on the fracture surface indicated a quality of melt not sufficient to obtain the best performances in terms of modification.



Figure 9 documents the relations between intermetallics and silicon shape observed. In particular, Figure 9 refers to alloy 3. Some intermetallic phases seem to influence the eutectic silicon dimensions and shapes. In alloy 3, the decrease in silicon length away from intermetallic phases was noticeable, as observed in previous work too [32] (see Table 4). Despite that, an uneven modification of the eutectic silicon from a plate-like to a spherical-like shape was documented. As the eutectic spherical shape promotes ductile fracture [48], the uneven modification resulted in a slight increase in absorbed energy from the unmodified compared to the modified samples. On the other hand, it seems that the β-Fe acicular phases mainly detected in the modified alloy 3 (blue arrow in Figure 9) do not affect the silicon particle shapes, while, on the contrary, Fe plate-like intermetallics (red arrow in Figure 9) strongly affect the silicon modification in their surrounding areas.



Two surface fractures after impact tests are shown in Figure 10 and Figure 11. In particular, Figure 10 highlights the presence of bifilms in the bulk of the specimens. Alloy 4 resulted in low absorbed energy because of the extensive presence of oxide skins, while alloy 3 resulted cleaner and showed higher impact energy absorbed. In Figure 11, the SEM micrographs represent the different fracture behaviors detected in the tested specimens. Particularly, samples from alloys 3 and 4 are shown to highlight the different kinds of fractures detected. Specimens realized by alloy 4 fractured in a fragile manner, as noticeable by the cleavage facets and the rivers detected in Figure 11A. By contrast, samples realized by alloy 3 show a more ductile behavior, as depicted in Figure 11B, with a large number of dimples on the fracture surface. The fracture surfaces for alloy 1 are similar to alloy 4 while those of alloy 2 are similar to alloy 3.



On alloy 4 (and, similarly, on alloy 1), cleavage facets were detected, while dimples related to the modified eutectic silicon were observed only to a limited extent on the fracture surface [49]. Despite the increase in average eutectic size, circularity and solidity indicated an incomplete modification; the impact energy increased slightly. On alloy 3, the presence of fewer intermetallic phases positively affects the impact toughness. Silicon particles break, forming dimples, but the roundness of the silicon particles can be further improved.



Figure 12 shows the impact specimens’ edge for each composition studied. Particularly, cracks on the edge of the samples and absorbed energies were documented and related with the microstructural behaviors previously measured: SDAS, eutectic particle size, and intermetallic phases (α-Fe, β-Fe, and Fe-Mg).



As noticeable in Figure 12, the edges of the impact test specimen of alloy 1 show different features. In the unmodified alloy sample, many cracks were detected, while the modified alloy showed a limited number of defects. These defects are related to the specimen’s microstructure.



In alloy 1, after Sr modification, an SDAS reduction of 34%, a particle size reduction of about 40%, reduction through the fragmentation process of β-Fe intermetallic, and a slight increase in micro-hardness from 91.3 to 96 HV0.5 (average values) were documented. SDAS reduction affects the alloy’s mechanical resistance and the particle size reduction influences the rupture behavior by fostering the ductile fracture while the modification occurred. In this sense, the modification, along with the β-Fe fragmentation, seems to limit the presence of cracks. Consequently, the average absorbed energy increases.



As regards alloy 2, a similar trend to alloy 1 was highlighted. SDAS decreased by 16%, the eutectic particle size by 70%, and the Fe-Mg intermetallic-occupied area was halved after Sr addition. The impact specimen’s edge resulted with few cracks in the unmodified composition, while no cracks were detected in the samples made with modified alloy. In alloy 3, decreases in SDAS (8%) and the eutectic particle size (of 86%) were noticed, but the intermetallic phase-occupied areas remained constant. As β-Fe promotes the fragile fracture, its short fragmentation probably affects the absorbed energy, hindering its increase. Cracks detected in the modified and unmodified specimens are similar in number and extent. Since this composition has few alloying elements, the intermetallic phases have less influence on impact energy in both cases.



Alloy 4 shows high SDAS reduction (16%) and high particle size reduction (85%). In this alloy, an increase in the occupied area of α-Fe phases was further noticed. Cracks were detected in the specimen made using the unmodified alloy, and despite the cracks reduction in the sample made using the modified alloy, the energy remains similar due to the presence of oxide skins (Figure 10A).





4. Conclusions


In this paper, the effect of the master alloy AlSr10 was studied in different Al-Si systems. After the evaluations of SDAS, image analysis, micro-hardness, and impact tests, it is possible to conclude the following results:




	
As regards micro-hardness, the alloys containing higher alloying element contents resulted in higher micro-hardness values in both cases with and without Sr addition. Alloy 1 and alloy 4 had the largest intermetallic phases, which caused an increase in mechanical properties. The influence of alloying elements was further clarified in Figure 4: as Fe or Mg increases, the micro-hardness increases with a parabolic trend. Although the micro-hardness seems less affected by Sr addition, further experiments or nano-indentation are required to clarify the effect of Sr on samples’ hardness.



	
The SDAS decreases in all the alloys as a consequence of Sr addition. The final SDAS values appear similar for alloys having similar Si contents.



	
The eutectic particle size results in differences in the unmodified state for all alloys. Despite that, after the modification, particle size converges to similar values both in the alloys with less silicon content (alloys 1 and 2, where particle size is almost 10 µm) and in the alloys with the high silicon content (alloys 3 and 4, where particle size is almost 3 µm). This behavior seems to indicate that alloys converge to a similar response even if silicon content is similar. Despite that, a correlation was observed between the silicon particle size and the intermetallics in the eutectic phase. Moreover, in Figure 5, the graphs showed the impact of Fe and Mg on the eutectic particle size, highlighting that as the average content of Mg and Fe increases, the average particle size decreases. However, some intermetallic phases may locally change this trend: in fact, even though the average size decreases, it may change locally depending on the intermetallics present in the surrounding area, as shown in Figure 7 and Figure 9. A decrease in the average occupied area of β-Fe after Sr addition was observed, while α-Fe was affected in an uneven manner, and there was increase in the area occupied in the alloys having low Mn content (alloy 2 and alloy 3).



	
The eutectic phase percentage increased in all the alloys after the introduction of the master alloy AlSr10. The hypoeutectic alloys 1 and 2, with low Si contents, reached a similar percentage, precisely as in the alloys 3 and 4 with high silicon contents. Considering the specific casting process performed in this work, a mathematical relation between SDAS values and average alloying elements present in the alloys seems to exist.



	
The impact energies were strongly related to silicon content, intermetallic phases, and melt quality. The increase in alloying element tenor appears to reduce the absorbed energy, while the addition of the master alloy AlSr10 causes a slight increase. The high tenor of Fe-based fragile intermetallics caused the fragile preferential fracture in the alloy bulk, as noticed in alloy 4 (Figure 11A). Indeed, many intermetallics prevent the ductile fracture fostered by the rounded silicon particles, causing low absorbed energies. Alloy 3 absorbed the highest energy, thanks to both the low amount of alloying elements and the round-shaped Silicon, showing a ductile fracture surface (Figure 11B).



	
The manual casting process affects the casting quality. The presence of bifilm in the microstructures harms the impact properties for each alloy, especially for alloys 2 and 4 (Figure 10A).








This study highlights Sr’s effect on Al-Si alloys having different Si contents; the intermetallic phases appear affected by Sr, especially the detrimental β-Fe. Other intermetallic phases, for instance, Mg2Si, give a contradictory response in terms of Sr effect and need to be further studied.



Further investigations will be performed by increasing AlSr content to optimize the modification process. Si’s circularity and solidity have to be taken into account as the leading parameters for optimizing microstructural and mechanical properties.
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Figure 1. Secondary dendrite arm spacing (SDAS) measurement and image analysis. Left image: SDAS measurement procedure as in [39]. Center and right images: image analysis details on the eutectic phase (average size, circularity, % area occupied). Optical images at 50X magnification. 
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Figure 2. Optical microscope images at 20X magnification. Intermetallic phases that nucleated in the alloys. The arrows indicate some intermetallic phases. A: Eutectic silicon; B: α-aluminum matrix; C: acicular Fe intermetallic; D: Cu-based phase; E: Chinese script; F: Q-phase; G: Mg2Si. 
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Figure 3. Micro-hardness measurements for all the alloys, unmodified (left side) and modified (right side). Values reported are average values. The table reports all micro-hardness measurements. Alloy 1: 86-93 HV0.5 = α-Al; from 93 to 100 HV0.5 = eutectic; up to 100 HV0.5 = intermetallic phases. Alloy 2: 65–70 HV0.5 = α-Al; up to 70 HV0.5 = eutectic. Alloy 3: 70–80 HV0.5 = α-Al; from 80 to 83 HV0.5 = eutectic silicon; up to 83 HV0.5 = intermetallic phases. Alloy 4: 96–100 HV0.5 = α-Al; from 100 to 110 HV0.5 = eutectic silicon; up to 110 HV0.5 = intermetallic phases. 
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Figure 4. Correlation between micro-hardness and average elements contained in alloys. (A): Relation between average Si content and micro-hardness. (B): Relation between average Mg content and micro-hardness. (C): Relation between average Fe content and micro-hardness. (D): Relation between average Cu content and micro-hardness. (E): Relation between average Fe + Mg + Cu content and micro-hardness. (F): Relation between average Fe + Mg content and micro-hardness. (G): Relation between average Mg + Cu content and micro-hardness. (H): Relation between average Fe + Cu content and micro-hardness. 
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Figure 5. (A): Graphical representation of the average particle area; (B): graphical representation of the percentage of eutectic phase; (C): the relation between average Si content and SDAS; (D): the relation between average Fe + Mg + Cu content and SDAS; (E): the relation between average Si + Fe + Mg + Cu content and SDAS. 
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Figure 6. The relationships between particle size and Si, Mg, and Fe contents. (A): Relation between average Si content and eutectic particles’ size.; (B): Relation between average Mg content and eutectic particles’ size. (C): Relation between average Fe content and eutectic particles’ size. (D): Relation between average Mg + Fe content and eutectic particles’ size. 
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Figure 7. Intermetallics measured for each alloy. Intermetallic measurements are evidenced in the micrographs by different colors—the table shows the area occupied for each intermetallic phase. Data for the α-Fe and β-Fe in the unmodified condition for alloys 1 and 3 refer to previous work [32]. 
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Figure 8. Impact test results and alloys’ microstructures (optical microscope). Microstructures (A–D) refer to the unmodified alloys, as on the bar chart’s left side. Microstructures (E–H) refer to the modified alloys, as on the bar chart’s right side. Image (A,E): alloy 1; image (B,F): alloy 2; image (C,G): alloy 3; image (D,H): alloy 4. 
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Figure 9. Effect of intermetallic phases on silicon shape. Optical micrograph of alloy 3 modified. Red arrow indicates Fe plate intermetallics; blue arrow indicates acicular Fe intermetallic. The uneven silicon shape is well visible near the intermetallics. 
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Figure 10. Macrographic images of fractured surfaces in impact specimens. (A): A brittle fracture in alloy 4 modified (impact energy 3.17 J). (B): A ductile fracture in alloy 3 modified (impact energy 8.82 J). 
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Figure 11. SEM images of fracture surfaces in impact specimens. (A): A brittle fracture in alloy 4 modified (impact energy 3.17 J). (B): A ductile fracture in alloy 3 modified (impact energy 8.82 J). 
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Figure 12. Macrographic images of fracture surfaces in impact specimens (0.63×). Arrows indicate the cracks documented in specimens after impact tests. Impact energies reported are the minimum measured in the unmodified samples and the maximum measured in the modified samples. 
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Table 1. Intermetallic phases expected in the alloys studied from literature [32,33,34,35].
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	Alloy
	Intermetallic Phases
	Alloy
	Intermetallic Phases





	Alloy 1—EN AC 45300

(alloy 1)
	θ-Al2Cu; β-Mg2Si; β-Al5FeSi; α-Al15(Fe,Mn)3Si2
	Alloy 3—EN AC 43500

(alloy 3)
	α-Al8Fe2Si; β-Al5FeSi; β-Mg2Si;



	Alloy 2—EN AC 42100

(alloy 2)
	β-Mg2Si; α-Al8Fe2Si;

β-Al5FeSi; α-Al15(Fe,Mn)3Si2;

π-Al8Mg3FeSi6; Al9FeMg3Si5
	Alloy 4—EN AC 48000

(alloy 4)
	β-Mg2Si; ε-Al3Ni; θ-Al2Cu; α-Al15(Fe,Mn)3Si2; β-Al5FeSi; α-Al8Fe2Si; Al2CuMg; Al9FeMg3Si5;

π-Al8Mg3FeSi6; Q-Al5Cu2Mg8Si6;
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Table 2. Alloys’ composition from regulation EN 1706 and technical datasheets.
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EN AB/AC 45300-AlSi5Cu1Mg (Alloy 1)






	
Elements

	
Si

	
Fe

	
Cu

	
Mn

	
Mg

	
Ni

	
Zn

	
Pb

	
Sn

	
Ti

	
Al




	
Min.

	
4.5

	
-

	
1.0

	
-

	
0.40

	
-

	
-

	
-

	
-

	
-

	
Res.




	
Max.

	
5.5

	
0.55

	
1.50

	
0.55

	
0.65

	
0.25

	
0.15

	
0.15

	
0.05

	
0.20




	
Mechanical properties

	
A% = 1 ÷ 2%

	
Rm = 145 ÷ 175 MPa

	
Rp0.2 = 125 ÷ 145 MPa




	
EN AB/AC 42100-AlSi7Mg0.3 (Alloy 2)




	
Elements

	
Si

	
Fe

	
Cu

	
Mn

	
Mg

	
Zn

	
Ti

	
Al




	
Min.

	
6.5

	
-

	
-

	
-

	
0.30

	
-

	
0.10

	
Res.




	
Max.

	
7.5

	
0.15

	
0.03

	
0.10

	
0.45

	
0.07

	
0.18




	
Mechanical properties

	
A% = 2 ÷ 6%

	
Rm = 140 ÷ 220 MPa

	
Rp0.2 = 80 ÷ 140 MPa




	
EN AB/AC 43500-AlSi10MnMg (Alloy 3)




	
Elements

	
Si

	
Fe

	
Cu

	
Mn

	
Mg

	
Zn

	
Ti

	
Al




	
Min.

	
9.0

	
-

	
-

	
0.40

	
0.15

	
-

	
-

	
Res.




	
Max.

	
11.50

	
0.20

	
0.03

	
0.80

	
0.60

	
0.07

	
0.15




	
Mechanical properties

	
A% = 5%

	
Rm = 250 MPa

	
Rp0.2 = 120 MPa




	
EN AB/AC 48000-AlSi12CuNiMg (Alloy 4)




	
Elements

	
Si

	
Fe

	
Cu

	
Mn

	
Mg

	
Ni

	
Zn

	
Ti

	
Al




	
Min.

	
10.50

	
-

	
0.80

	
-

	
0.90

	
0.70

	
-

	
-

	
Res.




	
Max.

	
13.50

	
0.60

	
1.50

	
0.35

	
1.50

	
1.30

	
0.35

	
0.20




	
Mechanical properties

	
A% = 2 ÷ 6% (T5)

	
Rm = 200 (T5) MPa

	
Rp0.2 =185 (T5) MPa
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Table 3. SDAS values measured.
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SDAS Values

	
Alloy 1

	
Alloy 2




	
Unmodified

	
Modified

	
Unmodified

	
Modified






	
SDAS (µm)

	
27.48 ± 4.15

	
18.09 ± 4.15

	
25.03 ± 3.14

	
20.80 ± 5.14




	

	
Alloy 3

	
Alloy 4




	
SDAS (µm)

	
15.02 ±2.68

	
13.77 ±2.18

	
19.51 ±2.07

	
16.06 ±1.08
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Table 4. Image analysis results for the characterization of the eutectic area.
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Image Analysis

	
Alloy 1

	
Alloy 2




	
Unmodified

	
Modified

	
Unmodified

	
Modified




	
Average size (µm)

	
17.46

	
10.41

	
32.67

	
9.92




	
Circularity

	
0.726

	
0.72

	
0.476

	
0.756




	
Solidity

	
0.825

	
0.829

	
0.729

	
0.834




	
% Eutectic phase

	
30.3 ± 0.52

	
48.4 ± 2.94

	
21.9 ± 0.9

	
35.7 ± 0.85




	
Image Analysis

	
Alloy 3

	
Alloy 4




	
Unmodified

	
Modified

	
Unmodified

	
Modified




	
Average size (µm)

	
22.06

	
3.09

	
14.53

	
2.16




	
Circularity

	
0.75

	
0.675

	
0.822

	
0.806




	
Solidity

	
0.845

	
0.796

	
0.859

	
0.884




	
% Eutectic phase

	
48.1 ± 2.64

	
52.3 ± 1.92

	
52.9 ± 4.64

	
53.7 ± 0.71
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