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Abstract

:

In view of the increasing demand for secondary aluminum, which is intended to partially replace the very energy- and resource-intensive primary aluminum production, effective treatment methods can maintain the high quality level of light metal castings. The transition from a linear to a circular economy can result in an accumulation of oxides or carbides in aluminum. Therefore, melt purification is crucial, especially as foundries aim to increase the use of often dirty end-of-life scrap. Nonmetallic inclusions in the melt can impact its flowability and mechanical properties. As the purity of the melt increases, its flow length also tends to increase. Available assessment methods like reduced pressure test or K-mold are capable of ensuring high levels of purity. This study demonstrates the implication of inclusions originating from dirty scrap. An experimental test run deals with various scrap contents in an AlSi7Cu0.5Mg alloy and shows correlations between impurity and performance, expressed by flowability and mechanical properties. These performance indicators have been connected to inclusion and porosity rates. In conclusion, these findings emphasize the need for further extensive research on contaminants in the field of scrap melting and the development of methods for easy-to-handle assessment methods.
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1. Introduction


As global civilization continues to advance, we increasingly rely on a variety of essential materials, including metals such as steel and aluminum. Since 2004, the annual global aluminum market has experienced significant growth, doubling to exceed 70 million metric tons by 2023 [1]. Although aluminum offers a significant advantage in its specific strength (related to its density), it still results in ten times the carbon dioxide emissions compared to its older and more ecological counterpart, iron. It also contributes to an estimated accountant of 4% of global carbon dioxide emissions [2]. In addition, landscapes suffer from mining bauxite, the main ore for obtaining aluminum oxide. One kilogram of produced primary aluminum requires the deposition of two kilograms of red mud on a dry basis [3].



To bridge this substantial gap in greenhouse gas emissions, it is imperative to establish improved standards for the use of secondary aluminum. Moreover, the latter is crucial for accelerating the transition from a linear to a circular economy.



Processing secondary aluminum from old and new scrap provides energy saving of about 93%, which is the highest value compared to other metals like Mg, Cu, Zn or steel [3,4,5].



The direct utilization of secondary input materials in foundries necessitates the development of specialized treatment solutions to maintain a high level of quality. Significant levels of unwanted contaminants typically characterize materials out of scrap sources. In addition, shredded material in particular is associated with an unfavorable volume-to-surface ratio during the melting process. This inevitably leads to higher oxide loads compared to primary materials. Additionally, carbides play a crucial role due to their significant contaminations. Primary aluminum, which is essential for diluting scrap melts, contains carbides that originate from the electrolysis process. Aluminum in general exhibits several notable reactions during processing and usage. It reacts with organic compounds, such as plastics and oils, which may adhere to scrap materials, potentially introducing contaminants and affecting the purity of the aluminum. Additionally, there is an interaction between the molten aluminum and silicon carbide (SiC) present in heating elements or refractory materials. Furthermore, aluminum can react with graphite elements, including impellers and tools, leading to potential wear and contamination, which can alter the material properties and impact the overall quality of the aluminum product [3,6,7]. A list of possible inclusions is presented in Table 1.



In its molten state, aluminum exhibits a high affinity for oxygen, reacting readily with ambient oxygen to form a thin and tough oxide layer on the surface of the melt. This is attributed to the high formation enthalpy of   A  l 2   O 3   , making the formation of aluminum oxide energetically favorable, as it releases energy and stabilizes the system following an exothermal oxidizing reaction [3].


  4 A l + 3  O  2 , g a s   → 3 A  l 2   O 3   



(1)







Conversely, a high amount of energy is required to dissociate   A  l 2   O 3    into aluminum and oxygen. This explains the high energy demand in primary aluminum production. Aluminum oxide has a high melting point of 2050 °C and a density of 3.9 g/cm3, making it approximately 60% denser than pure aluminum. When aluminum is preheated at temperatures between 400 and 500 °C before melting, this causes the oxide layer to grow excessively. Consequently, these temperatures should be avoided for practical purposes [3,10]. In addition, improper handling of the melt can lead to further oxidation. In this context, the particle size, moisture, and contamination by oils or greases of the material used play a decisive role [11]. Nevertheless, oxides do not sink in the melt due to their thin and flat morphology. However, processes such as transfer to a holding furnace or casting can interrupt this solid layer and introduce oxide fragments into the melt, especially under turbulent conditions. Therefore, the oxide content tends to increase significantly. The assessment of aluminum melt quality is influenced not only by non-metallic inclusions like oxides, borides, and carbides but also by its hydrogen content. Typical methods to reduce impurities and hydrogen content include gas purging, filtration, and the use of cleaning salts [8,12]. In the foundry industry, a method called rotor degassing has been established in the last two to three decades. Rotor degassing is a crucial process in treating molten aluminum. Its main goal is to remove dissolved hydrogen and non-metallic inclusions. This is typically done by injecting an inert gas, such as argon or nitrogen, through a rotating rotor into the molten aluminum. The gas forms small bubbles that rise through the melt, capturing and removing impurities. This process improves the quality of the final aluminum product by reducing porosity and enhancing mechanical properties [13].



Flowability is typically measured using the spiral test. Di Sabatino, in an experiment involving an AlSi7Mg alloy, demonstrated that the recycled content, and consequently the oxide load of the melt, significantly influences flowability [14]. A key finding from this study was that the flow length of the spiral decreased as the oxide load increased.



Cleaning salts improve the properties of cast products by eliminating nonmetallic impurities from the melt. This mechanism applies to both primary and secondary aluminum [15,16]. Salts’ properties must meet the requirements of the process, particularly its thermodynamic properties. These may include thermochemical and thermal stability at the process temperatures, viscosity, the greatest possible difference in density between melt and flux, an appropriate interfacial tension, and high compatibility with the refractory material of the furnace/crucible [17].



These mostly granular melt purifying additives consist of chlorides such as   N a C l   or   K C l  , fluoride compounds like   C a F   or   N  a 3  A l  F 6    (cryolith) or alkali fluorides like   N a F   of   K F  , where the fluorides are represented with a mass percentage up to 5 %. The main cleaning effect is achieved by breaking up the oxide skins and taking up floating inclusions. Finally, the salt should prevent the melt surface from further oxidation [16].



Erzi et al. [18] employed the spiral test to establish a novel characteristic value aimed at comparing the properties of the standardized alloy A356 (AlSi7Mg0.3) sourced from different suppliers. The study involved determining the chemical composition, flowability, mechanical properties, and bifilm index, which were collectively summarized in the Suppliers Quality Index (SQI). The findings indicate that a higher SQI corresponds to superior flowability, enhanced mechanical properties, and an improved bifilm index.



Analytical machinery, such as Porous Disk Filtration Analysis (PoDFA) and the Pressure Filtration Melt Cleanliness Analyzer (PreFil), provide sophisticated assistance in assessing the quality of melts. However, these methods are associated with high hardware and software costs and substantial processing efforts [19].



This paper aims to combine relatively easy-to-handle and low-cost methods with digital assessment support to evaluate the quality of an aluminum melt. These basic methods are widely used in most light metal foundries, which makes further development straightforward while maintaining a high quality.




2. Results


This section presents the results of the casting trials, mechanical testing, and metallographic analysis. Specifically, this will encompass the chemical composition of the materials, the measured density indices and flow paths, the outcomes of tensile tests, as well as the analyzed K-mold fracture surfaces and micrographs. The results reflect both untreated (not purified) and treated (purified) melts. Except for the mechanical properties, the diagrams show two columns for each configuration (without and with treatment).



2.1. Chemical Composition


An analysis revealed that the element contents in test groups V1/V2 (0% recycled), V3/V4 (50% recycled), and V5/V6 (100% recycled) closely agreed. The values of all variants are detailed in Table 2. This consistency was anticipated. Based on different materials used in each test group, the resulting chemical compositions were similar. Hence, the mechanical and metallographic properties, in particular, were expected to show significant overlap in the results. Minor variations in chemical composition between the test groups can be attributed to the use of different ingots and scraps as well as the associated differences in recycled content.




2.2. Reduced Pressure Test


A density index of <1% is recommended for highly stressed castings. In this work, the highest mean density indices prior to treatment were observed in experiments V3 and V4, with values of 11.5%, and 11.9%, which emphasizes the need for an appropriate melt treatment (purification). Also, the density indices of the other variants were only insignificantly lower prior to treatment. This was anticipated, as the melting of raw materials typically introduces oxides, referred to as old oxides, into the melt [20]. Rotary degassing treatment reduced the hydrogen and oxide load of the melt significantly, which is expressed by the density index (see Figure 1).



Table 3 includes the values of the density indices and the hydrogen contents of the untreated melts, calculated following the work of Bogdanova et al. [21]. The hydrogen content was analytically determined for sufficiently large density indices and showed good agreement with the actual hydrogen contents. However, for small density indices, referring specifically to the treated melts in this study, this calculation method is not recommended to use, as the actual hydrogen contents in this density index range often deviate significantly from the calculated gas contents [20]. Nonetheless, a significant reduction in hydrogen content through the treatment of the melt can be assumed.




2.3. Flow Length Examination (Meander)


Figure 2 shows the determined flow length. As with the previously presented results, the version labels of the experiments are plotted on the abscissa, and the flow paths in millimeters are plotted on the ordinate. The bar chart includes the mean values and standard deviations of the measurements.



An examination of the results reveals increasing flow paths in nearly all of the experiments for the treated melts. Only in V5 did the flow path decline after the treatment, which contradicts the hypothesis that reducing inclusions in the melt improves flowability. Nevertheless, all of the other variants showed good agreement with the theory, yielding comparable results to those observed by Di Sabatino et al. [14]. The additional use of refining salt improved the melt’s flowability, increasing the flow length compared to a pure purging gas treatment. This can be attributed to the enhanced cleaning effect and reduced contamination in the melt due to the combination of purging gas and refining salt.




2.4. Mechanical Properties


Figure 3 presents the tensile test results before the treatment, with version labels of the tests. The vertical axis shows the ultimate tensile strength UTS and yield strength YS in MPa, and further elongation at break A   ⁢ 5   in %.



The results indicate increased tensile strength in tests V1 and V2 after treatment with pure purge gas and purification salt. Figure 4 shows the mechanical properties after treatment with rotor degassing ond/or salt fluxing. V1 saw an 18.7% increase from 193.3 to 229.5 MPa, and V2 saw a 10.4% increase from 203.3 to 224.5 MPa, likely due to reduced non-metallic inclusions. The yield strength remained comparable, while elongation at break increased significantly, aligning with past observations. Treatment led to higher tensile strength and significant elongation at break for 0% recycling content.



For 50% recycling content, in tests of V3 and V4, the materials exhibited nearly constant tensile strengths, yield strengths, and elongations at break, except for a slight increase in tensile strength in V4 by 2.6% and elongation at break by 1.2 times. The treatment enhanced the mechanical properties, especially with combined use of flushing gas and cleaning salt.



At a recycling content of 100% in V5 and V6, a measurable difference was observed only in V6, with an 8.9% increase in tensile strength and 1.4 times increase in elongation at break. The yield strength remained unchanged. The use of cleaning salt further improved the properties at 100% recycling content compared to those in a non-purified state.




2.5. Examination of K-Mold (Inclusions)


When the melt is poured into the cavity of the K-mold, oxides are typically intercepted at the cross-section taper. A significant increase in the number of inclusions, as detected by the algorithm, was observed with a higher amount of scrap in the melt, particularly when using contaminated scrap. In Figure 5, the fracture surfaces of the sections of V5 (100% scrap), both before and after treatment, are shown.



Conversely, the effectiveness of the melt treatment was evident, as demonstrated by the specific number of inclusions (Figure 6a) and the specific area of the inclusions (Figure 6b). Previous studies have confirmed that the K-mold method is highly effective (see also [22]).



This study suggests that the surface area fraction in experiment V1, due to the smallest variation compared to the other experiments, remained almost unchanged. This indicates that the treatment consistently reduced the detected inclusions in the fracture surfaces of the K-mold samples. Larger inclusions were particularly removed from the melt through the treatment methods used, and therefore were not present in the solidified cast part. A plausible explanation for this is the increased likelihood that larger inclusions in the melt collide with rising gas bubbles during the flushing gas treatment and are buoyed up through interactions with the cleaning salt [23]. Consequently, it seems reasonable that the number of larger inclusions in the melt and thus in the K-mold fracture surfaces decreased.



Notably, the highest value for the specific surface area of inclusions before treatment was observed in experiment V6, which can be attributed to a 100% recycling content. A higher proportion of secondary materials likely led to increased contamination of the melt with non-metallic inclusions, resulting in a higher average number of larger inclusions. This explains the larger specific surface areas. The treatment achieved results comparable to those with a 0% recycling content. The additional use of cleaning salt led to measurably better results for recycling contents of 0% and 100%.




2.6. Examination of Micrographs (Gas Pores)


The castings of the tensile bar micrographs were cut to gather information regarding the pore load of the castings. Software from Olympus Stream Motion 2.4.4 (Build 21965) was used to calculate pores utilizing the contrast information of the sensor-generated picture, as shown for V3 in Figure 7.



Figure 8 presents the outcomes of the image analysis performed on the micrographs of the tensile specimens, illustrating the determined numerical density of the pores. Similar to the K-mold fracture surfaces, the x-axis represents the test version labels, indicating the recycled content (R) and the treatment method utilized, while the y-axis shows the numerical density of the pores (  ρ P  ) per cm2.



Assuming the cross-sectional areas remain approximately constant, an increase in recycled content correlates with a rise in the absolute number of pores. The findings also demonstrate a consistent decline in pore number density following melt treatment. For recycled contents of 0% and 100%, the treatment methods exhibited comparable effectiveness, with a reduction in pore number density of 90% to 100% observed in tests V1 and V2, as well as V5 and V6. For a recycling rate of 50%, a reduction of 60% to 70% was noted in trials V3 and V4.



Characterization of Non-Metallic Inclusions


Due to the inherent limitations of the accuracy of the device, the reliability of the results obtained in this study is significantly limited. Consequently, the data primarily show trends and do not allow for any definitive conclusions to be drawn about the type and quantity of inclusions in the castings.



In this study, two fracture surfaces were examined in detail: the K-molsd of V5 and V6, which consisted of 100% scrap. In addition, elemental mapping was performed on the surface of V6 to confirm the point scanning results, with three points analyzed on each. The details are presented in Figure 9.



The analysis shows that both carbides and oxides play a crucial role in the quality assessment of secondary aluminum melts. These inclusions are critical to the overall integrity and performance of the material and highlight the need for improved measurement techniques to provide more meaningful data in future studies.






3. Discussion


In conjunction with an increased hydrogen content, which arises from the interaction of the melt with the surrounding atmosphere, porosity increased during solidification under reduced pressure, leading to a high density index for the untreated melts. However, a direct correlation between the recycling content and the density index prior to treatment could not be observed.



An effective method for purifying melts on a laboratory scale was identified through the use of a laboratory scaled rotary degassing system. The validation of this technique, via density indices after a 20 min treatment, proved to be highly effective. However, the reaction of dissolved hydrogen with air begins immediately after the melt has been cleaned. This phenomenon explains the presence of pores observed in the microsections of the casting after melt purification. Consequently, there is a correlation between gas pores and inclusions, which significantly impacts various properties. Except for V5, the flowability increased after the melt treatment, which goes along with former examinations in the literature. This can be explained as follows: During flow path determination, the melt is guided along a defined cross-section, continuously losing heat to the surroundings. When a critical, alloy-specific temperature is reached, solidification nuclei form in the melt. If these nuclei are stable and grow, the solid fraction increases. Upon reaching a critical solid fraction, the melt’s flowability is restricted so that further progression of the flow front is halted, and the melt solidifies completely. Non-metallic inclusions, such as oxides, present in solid form in the aluminum melt, reduce the critical solid fraction needed for complete solidification. Consequently, higher contamination levels lead to faster solidification in the flow path experiment, resulting in shorter flow paths [24]. Therefore, it is likely that the flow path determined in experiment V5 after treatment does not reflect the actual melt flowability. However, the porosity load of V5 (see Figure 8) increased after the melt treatment, which also indicates a higher oxide load. Unfortunately this equivalent could not be observed on the crack surface of the K-mold. As an outlier of this investigation, V5 is very interesting and should motivate further investigations.



Ductility often serves as an indicator of melt purity. Regarding mechanical properties, it is evident that the elongation at fracture is highest for a recycling content of 0% post-melt cleaning. Surprisingly, melt cleaning did not enhance the elongation at fracture in this study, despite achieving very low density indices. Nonetheless, for recycling contents of both 50% and 100%, melt cleaning also resulted in higher yield strength (YS) and ultimate tensile strength (UTS). The density index, however, is not a reliable measure of melt cleanliness, as high levels of inclusions in the K-mold and significant pore loads in the microsections were found even with low density indices. The average number of inclusions and their average size on the K-mold fracture surfaces were highest in the untreated state for a recycling content of 100%. This confirms that increasing recycled content leads to an increasing number of impurities in the melt; a phenomenon also observed in the work of Di Sabatino et al. [14]. Purification treatment of the melt reduced the (arithmetic) mean number of inclusions by an average of 45.7% and reduced their mean size by an average of 49.3%. This also confirms the assumption that melt purification reduces non-metallic inclusions. The effect was enhanced by the additional use of cleaning salt and reduced the mean inclusion count by up to 90.8%, with a reduction in the mean inclusion size of up to 77.1%.



A similar trend was observed for the micrographs of the tensile test rods. Increasing recycled content led to an increase in the average number of pores, as non-metallic inclusions act as starting points for pore formation. In contrast to the K-mold inclusions, however, the mean size of the pores decreased significantly, also for variants with elevated recycling contents. The purification of the melt led to a decrease in the mean number of pores by an average of 84.3%, with a simultaneous decrease in the mean pore size by an average of 52.0%. Accordingly, it can be assumed that the treatment of the melt led not only to a reduction in the number of non-metallic inclusions but also to a decrease in the hydrogen content. The porosity in test V2 was reduced significantly by the additional use of cleaning salt.



Although it would need further investigation, one possible way to connect flowability and process values could be found in combining K-mold assessment and the density index originating from RPT, as shown in Figure 10a. While the limited dataset does not support a reliable correlation between the obtained values and flowability, a discernible trend is evident. Outliers have been identified and excluded from this linear regression calculation.



The most precise correlation was identified with the calculated pore area of the micrographs of the test bars, illustrated by Figure 10b. This discovery indicates that using the pore area from micrographs could aid in evaluating the melt quality targeting flowability. However, preparing laboratory micrographs requires substantial effort and time.



Given the increasing proportion of secondary materials, further investigating the origins and methodologies is beneficial to understanding the behavior of non-metallic inclusions.




4. Materials and Methods


To understand the effectiveness of different treatment methods and the influence of variable recycling proportions on the contents of non-metallic inclusions in aluminum melts, six casting tests (V1–V6) were carried out.



4.1. Materials


A total of 15 kg of primary and/or scrap material was provided for each test to obtain an EN AC-AlSi7Cu0.5Mg (AC 45500) in accordance with DIN EN 1706. For this study, it was essential to investigate an alloy that is widely used in the production of engine components, such as cylinder heads. The variants were melted with assorted scrap ingot ratios and treated in two ways, as represented in Table 4.



The calculation of the necessary mass fractions was performed using a software tool developed during previous investigations and optimized for application in secondary metallurgy. The charges were separated and weighed to enable melting in the available crucible. A laboratory-scale rotary degassing system was used for degassing, with the duration of the treatment set at 20 min and a gas flow rate of 8   l  min  − 1    , which should be the same for all variants. Argon was used in this process step. The Fraunhofer IGCV specially developed the degassing apparatus for use in the laboratory furnace, whereby a cone-shaped graphite rotor itself was individually designed. The latter ensured a satisfactory distribution of gas bubbles in the melt. For the treatment of V2, V4, and V6, FOSECO Coveral ECO 2531 was added in a quantity of 0.1 wt%, related to melt mass.



Figure 11 shows wheel rims and one cylinder head from the scrap used in the tests.



To assess the impact of non-metallic impurities, which are often associated with high recycling contents, the cylinder head parts were melted without cleaning. As established in previous studies, it was necessary to remove metallic attachments like brackets and bearings due to their significant influence on the melt’s chemical composition. Selected scrap rims, melted into V5 and V6 alloys, were exposed to heat of 250 °C for 3 h and sandblasted to remove superficial paint layers. This process aimed to isolate the effects of contaminants in the cylinder head. The elevated temperatures facilitated the breakdown of the organic coating bindings.



Following the preparation described in the previous chapter, melting occurred in a resistance-heated ladle furnace (Nabertherm T 10/13) equipped with a clay graphite crucible. All materials were preheated and melted sequentially. To prevent the melt from superheating, the temperature was set to 740 °C and monitored frequently. Since the study focused on non-metallic inclusions in the melt, the surface dross was removed before casting the test bodies.




4.2. Testing Methods


Five different test geometries were cast and characterized. After casting the samples from the untreated melt, the melt was treated according to Table 4 and the casting was repeated identically to obtain comparable samples before and after treatment, allowing for direct comparison of the results.



The following specimens were cast, and the results are discussed in more detail below:




	1.

	
Reduced Pressure Test (RPT);




	2.

	
Geometry for Optical Emission Spectroscopy (OES)




	3.

	
Flowability test;




	4.

	
K-mold;




	5.

	
Tensile test rods including micrographs.









The RPT was utilized by an ALSP device from mk Industrievertretung GmbH, Germany. Its obtained value (DI) represents the relationship between two specimens: one solidifies in the atmosphere (  ρ  a t m   ) and another in a vacuum chamber standardized at 80 mbar (  ρ  v a c   ).


   D I   [ % ]  =     ρ  a t m   −  ρ  v a c     ρ  a t m     · 100  



(2)







Various aspects of handling influence the reliability of the test, e.g., the temperature of the melt and the crucible [25]. The chemical composition was determined using the Foundry Master Pro OES device from Hitachi, Germany.



For the flowability tests, a die made of tool steel was designed. It was poured from the top, through a foam ceramic filter (20 ppi), into a meander of a defined cross-section, allowing for the measurement of flow length against gravity. The temperature of the die was 280 °C, and the pouring temperature of the melt was 730 °C. In Figure 12, the scheme of the meander cavity is shown. Three samples of the meander were cast for each variant.



To visualize macro-inclusions, a K-mold was employed. Originally developed by Sanji Kitoaka in Japan in 1973, K-molds serve as an economical foundry test [26]. For the image-based assessment of fracture surfaces in K-mold castings, comprehensive overviews of six fracture surfaces were created using an optical microscope (Olympus BX53M). Four primary steps are necessary for the evaluation procedure: removing the background of images to avoid interference, determining the fracture surface area by counting pixels and converting them using a known scale, detecting inclusions by identifying pixels with significant grayscale differences from the aluminum matrix, and calculating metrics such as the number density and specific area fraction of inclusions. Essential mathematical correlations can be written down as follows:   ρ κ   are the inclusions per cm2,   N I   is the total amount of inclusions, A is the whole fracture area,   θ κ   is the area permille of inclusions, and   A I   the total area of the inclusions.


   ρ κ  =    N I  A    



(3)






   θ κ  =    A I   A ·  N I     · 1000  



(4)







To obtain results regarding the mechanical properties of the different approaches, tensile test bars were cast using a gravity die and subsequently processed into tensile test rods, as shown in Figure 13. Two rods were cast for each variant.



The tensile test bars were agedfor 24 h at 60 °C to obtain a homogenous structure. No further heat treatment was carried out. For the tensile tests, a Zwick Roell Z100 was used.



Additionally, the pores per unit area and the specific area covered by the pores on the micrographs were measured. Analogous to the K-mold, the following correlations were utilized:   ρ P   are the pores per cm2,   N P   is the total value of the pores, A is the whole detected area,   θ P   is the area permille of the pores, and   A P   is the entire area covered by pores within the detected area.


   ρ P  =    N P  A    



(5)






   θ P  =    A P   A ·  N P     · 1000  



(6)







Non-metallic inclusions are invisible to the naked eye and undetectable during the melting process. They are identified using a scanning electron microscope (SEM). For this analysis, a Hitachi TM3030plus was employed to characterize the inclusions.





5. Conclusions


The following main conclusions regarding this work can be drawn:




	
Increasing the recycling content in the EN AC-AlSi7Cu0.5Mg alloy up to 100% led to a higher level of non-metallic inclusions, resulting in decreased tensile strength and elongation at break.



	
Argon purging effectively decreased non-metallic inclusions and hydrogen content, leading only to a slight improvement in mechanical properties (UTS), particularly in complete secondary alloys. Notably, elongation improved only in fully primary alloys.



	
The addition of cleaning salt improved flow length and resulted in smaller pores. The lowest pore load was observed in primary alloys treated with cleaning salt. A reliable correlation between the established test methods and the flow length could be determined using significantly more samples.



	
To minimize melt cleaning efforts, scrap material must be kept as clean as possible. Pre-melting treatment processes like pyrolysis or chemical cleaning may support a better-resulting quality.
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Figure 1. Density indices for the different variants within the study before (red) and after (blue) the treatment. 
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Figure 2. Measured flow length of the six variants before (red) and after (blue) the melt purification and grouped according to the recycled content. 






Figure 2. Measured flow length of the six variants before (red) and after (blue) the melt purification and grouped according to the recycled content.



[image: Recycling 09 00122 g002]







[image: Recycling 09 00122 g003] 





Figure 3. Mechanical properties as results of uniaxial tensile tests of all variants before melt purification. 
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Figure 4. Mechanical properties as results of uniaxial tensile testing of all variants after melt purification. 
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Figure 5. K-mold analysis of V5: (a) before and (c) after treatment. (b,d) Individual determination of the inclusion load calculated using the greyscale method. 
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Figure 6. (a) Inclusions per   c  m 2    in K-Mold fraction surface (  ρ κ  ); (b) Specific area permille of inclusions (  θ κ  ); before (red) and after (blue) the purification. 
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Figure 7. Scheme of pore assessment for V3 before treatment: (a) raw picture, (b) background eliminated, (c) black/white picture of pores, (d) micrograph with colored pores (orange). 
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Figure 8. (a) Pores per cm2 in micrographs of the test bars (  ρ P  );(b) specific area permille of pores in the micrographs of the test bars (  θ P  ) before (red) and after (blue) purification. 
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Figure 9. SEM analysis of (a) V5 fraction surface of K-mold sample; (b) V6 fraction surface of K-mold sample and (c) mapping different elements of V6 fraction surface K-mold sample. 
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Figure 10. Linear correlations between flow length and (a) root of density inclusions · specific area of inclusions · reciprocal density index after melt purification; (b) area permille of pores. 
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Figure 11. Materials used for the test run: (a) different wheel rims and (b) cylinder head cabin. 
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Figure 12. Meander and flowing distance at certain points in mm. The total length amounts to 700 mm, with marks every 50 mm from the filter onwards. 
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Figure 13. Casted rod and the manufactured tensile test bars (*) beside the section for the structural analysis (arrow). 
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Table 1. Summary for possible inclusions according to Campbell [8] and Wefers [9].
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	Inclusion Type
	Designation
	Possible Source





	Carbides
	   A  l 4   C 3    
	Crucible



	Boron carbides
	   A  l 4   B 4  C   
	Treatment with boron



	Titanium boride
	   T i  B 2    
	Grain refinement



	Graphite
	C
	Tubings, erosion from the rotor



	Chloride
	  N a C l  ,   K C l  ,  M g C  l 2   , etc.
	Salt flux treatment



	Alpha aluminum oxide (corundum structure, trigonal)
	   α − A  l 2   O 3    
	High-temperature melting



	Gamma aluminum oxide (spinel structure, cubical)
	   γ − A  l 2   O 3    
	Casting process



	Magnesium oxide
	   M g O   
	High-Mg alloys



	Spinel
	   M g O A  l 2   O 3    
	Moderate-Mg alloys










 





Table 2. Chemical composition of the variants including the uncertainties of the measurement methods; all values in [%].






Table 2. Chemical composition of the variants including the uncertainties of the measurement methods; all values in [%].





	Variant
	Si    ⁢  ± 0.150    
	Fe    ⁢  ± 0.017    
	Cu    ⁢  ± 0.070    
	Mn    ⁢  ± 0.008    
	Mg    ⁢  ± 0.004    
	Zn    ⁢  ± 0.015    
	Ti    ⁢  ± 0.004    





	V1
	6.83
	0.10
	0.38
	0.05
	0.25
	0.01
	0.13



	V2
	6.76
	0.10
	0.35
	0.04
	0.25
	0.01
	0.13



	V3
	6.60
	0.17
	0.43
	0.07
	0.44
	0.07
	0.08



	V4
	6.53
	0.16
	0.42
	0.06
	0.44
	0.07
	0.08



	V5
	6.83
	0.18
	0.38
	0.11
	0.28
	0.11
	0.12



	V6
	6.95
	0.18
	0.38
	0.11
	0.27
	0.11
	0.12










 





Table 3. Density indices and calculated hydrogen contents before treatment based on Bogdavana et al. [21].
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	Variant
	V1
	V2
	V3
	V4
	V5
	V6





	DI bef. treatm.  [ % ]  
	9.18
	9.47
	11.49
	11.94
	10.97
	8.92



	H-content cm3/100 g
	0.237
	0.246
	0.309
	0.323
	0.292
	0.229



	DI after treatm.  [ % ]  
	0.46
	0.17
	0.14
	0.67
	0.88
	0.98










 





Table 4. An overview of all experiments regarding the melt purification study and analysis methods.
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	Variant
	Ingots
	Recycling Quote
	Treatment Methods





	V1
	Primary:

AlSi7Mg0.3

Copper 99.99 %
	0 %
	Argon purging



	V2
	
	
	Cleaning salt flux

(FOSECO Coveral ECO 2531, 15 g)

and argon purging



	V3
	Primary:

AlSi9Mg


	50 %
	Argon purging



	V4
	Scrap:

AlSi1MgMn

AlSi7Cu1Mg0.6
	
	Cleaning salt flux

(FOSECO Coveral ECO 2531, 15 g)

and argon purging



	V5
	Scrap:

AlSi7Mg0.3

AlSi10Mg(Cu)


	100 %
	Argon purging



	V6
	AlSi7MgCu0.5Mg
	
	Cleaning salt flux

(FOSECO Coveral ECO 2531, 15 g)

and argon purging
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