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Abstract: This study investigates the mechanical properties, creep response, porosity, and microstructural 

characteristics of recycled aluminum beverage-can castings modified through simultaneous magnesium and 

copper additions. Four compositions (S1–S4) were prepared by gravity casting into a steel mold preheated to 

300°C, with a pouring temperature of 750°C. Nominal additions ranged from 0 to 3 wt.% Mg and from 0 to 1.5 

wt.% Cu. Bulk elemental composition was assessed by optical emission spectroscopy, while tensile strength, 

elongation, Vickers hardness, and tensile creep behavior were evaluated experimentally. Creep tests were 

conducted at 200°C under a constant 2.5 kN tensile load for 3600 s. Porosity was assessed using immersion-

based density measurements, and selected specimens were examined using scanning electron microscopy and 

energy-dispersive X-ray spectroscopy. The study compares measured responses across the four compositions 

and examines associations between overall alloy chemistry, casting porosity, and mechanical behavior. Because 

manganese also varied across the compositions, the experimental design does not isolate the individual 

contributions of magnesium and copper. Phase identification and quantitative grain-size measurements were 

outside the scope of the investigation. 
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1. Introduction 

Aluminium is one of the most common engineering materials in the present industries due to its 

extraordinary properties such as low density (almost 2.7 g/cm3), high thermal and electrical conductivity, high 

corrosion resistant rate forming its protective oxide layer. Moreover, it has a high strength-weight ratio and is 

hence suitable especially in lightweight structure applications. To enhance the mechanical properties, it is 

typically alloyed with others such as Magnesium (Mg) and Copper ( Cu) [1,2]. These alloying elements are 

important to alter the microstructure and enhance deformation resistance by solid solution hardening and 

precipitation hardening[3]. Aluminium recycling is thus an important sustainable industrial practice, as it can 

reduce the primary aluminium production energy requirements by as much as 95% [20]. 

But multiple remelting operations may have adverse impacts on microstructure and mechanical 

properties of aluminum. Aluminium is a highly oxidizable material and on melting it produces aluminium oxide 

(Al2O3) which can be trapped in the melt as non-metallic inclusions, which affect the quality of the casting. In 

addition, molten aluminum is extremely susceptible to the presence of hydrogen, which can lead to gas porosity 

during solidification, significantly affecting mechanical properties like strength and hardness. [6,7] Mechanical 

behavior of aluminum alloys is strongly affected by microstructural features; grain size, phase distribution and 

content of defects. The Hall–Petch equation states that the increase in strength can be attributed to the increase 

of the number of grain boundaries that hinder dislocation motion in the material [9,10]. The mechanical 

properties and microstructural features of aluminum alloys can be altered by adding alloying elements like Mg 

and Cu, which can be accomplished by the solid solution strengthening of alloys and the alteration of the 

distribution of secondary constituents [11,12,17]. In the present study, however, a quantitative grain refinement 

and the formation of certain intermetallic phases have not been independently established. [13] 

The recycled aluminum material and the influence of each alloying element have been targeted by 

previous studies. In this work, the simultaneous additions of Mg and Cu and the resulting changes in the 

combined composition are investigated in the Al of a beverage can on a consistent gravity casting basis. As a 

result of the varying of Mg and Cu and the varying of Mn between compositions, the individual causal 

contributions and any synergy was not separated from this experimental design. Four as-cast compositions are 

compared using bulk OES, tensile testing, Vickers hardness, creep testing, recorded porosity and SEM/EDS. 
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The investigation is based on gravity casting in a steel mold preheated to 300°C with natural cooling in 

the mold in ambient laboratory conditions. These casting and testing conditions are only those used in this 

experiment and should not necessarily be considered optimal in other applications of a different alloy. 

 

2. Materials and Methodology 

2.1 Materials 

The main raw material used to make the castings of recycled Al was post-consumer Al beverage cans. 

The powders were used to provide the alloying additions and were magnesium (Mg) and copper (Cu) with 

nominal purities of about 99% and particle sizes of about 50 µm, respectively. The four compositions studied 

were: recycled aluminum (S1); recycled aluminum + 1 wt.% Mg and 0.5wt.% Cu (S2); recycled aluminum + 2 

wt.% Mg and 1wt.% Cu (S3); recycled aluminum + 3 wt.% Mg and 1.5wt.% Cu (S4). The percent additions are 

nominal and not the actual measured alloy composition. In Table 1 the materials used are summarized. 

 

Table 1: Materials used in this study 

Material Form / Source Purity (%) Particle Size Composition / Amount 

Recycled Aluminum Beverage cans — — Base material 

Magnesium (Mg) Powder ~99 ~50 µm 1–3 wt.% 

Copper (Cu) Powder ~99 ~50 µm 0.5–1.5 wt.% 
 

The recycled aluminium was sourced from post-consumer beverage cans that can vary in the aluminium 

alloy series used in the body, lids and pull tabs. The remelted base material was thus processed as a mixed 

recycled Al alloy. The chemical composition of alloys S1, S2, S3 and S4 were measured experimentally by 

optical emission spectroscopy (OES) instead of being estimated for the individual can components. 

 

2.1.1 Bulk Chemical Composition Analysis 

Bulk compositions were measured using a SPECTROMAXx LMX09 optical emission spectrometer 

(Germany) following ASTM E1251. In each composition, one OES measurement was taken on the as-cast 

surface of a specimen that was polished. No information was available about the calibration of any of the 

instruments, nor could the repeatability of the measurements within the same composition be assessed. The 

reported values are thus a single bulk OES measurement for each composition (Table 2). 

 

Table 2: Chemical composition of the recycled aluminum samples determined by OES (wt.%) 

Element (wt.%) S1 S2 S3 S4 

Al 96.82 95.67 93.73 91.81 

Mn 1.00 0.70 1.20 1.70 

Mg 1.30 2.30 3.10 4.40 

Fe 0.48 0.42 0.50 0.28 

Si 0.25 0.18 0.22 0.12 

Cu 0.02 0.63 1.10 1.60 

Zn 0.10 0.02 0.08 0.03 

Ti 0.03 0.02 0.03 0.02 

Cr 0.00 0.06 0.04 0.04 

Total 100.00 100.00 100.00 100.00 
 

2.2 Melting and Casting Procedure 

The recycled Al beverage cans were melted at the temperature range of 720-750°C and the approximate 

particle size was about 50 µm. The Mg and Cu powders were mixed and wrapped in Al foil, and poured 

simultaneously as a part of the molten Al according to the nominal compositions. The stirring time was about 3- 

5 minutes and the holding time was about 3 minutes in the melt before the pouring. Floating slag and surface 

oxides were manually removed before pouring. No fluxing, degassing in inert gas or chemical degassing 

treatment was applied. The molten alloy was poured at a temperature of 750°C into a permanent steel mold, 

preheated to 300°C. The castings were left to cool down in the mould in ambient laboratory conditions. Each 

composition was cast independently four times.  
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Table 3: Nominal compositions of the investigated recycled aluminum alloys. 

Samples Composition 

S1 Recycled aluminum(without additives) 

S2 Al + 1% Mg + 0.5% Cu 

S3 Al + 2% Mg + 1% Cu 

S4 Al + 3% Mg + 1.5% Cu 
 

 
Fig. 2: Schematic representation of the permanent steel mold used for gravity casting. The mold length was 180 

mm, while the final cast aluminum ingot was approximately 150 mm long. 

 

3. Samples Tests 

3.1 Tensile Test 

The prepared samples were subjected to tensile tests to evaluate the mechanical properties of the 

prepared samples.The cast ingots were machined into standard round tensile test specimens using ASTM 

E8/E8M. The specimens were of the standard proportional geometry (G ~ 4D), with gauge length (G) of 50 mm, 

gauge diameter (D) of 12.5 mm and fillet radius (R) of 10 mm. 

Tensile tests were performed at room temperature in an Instron 5982 universal testing machine in 

accordance with the procedure of ASTM E8/E8M. This was not direct strain-rate control, but rather, a fixed 

crosshead displacement speed of 4.5 mm/min. Four separate specimens of each composition were cast for 

testing. Ultimate tensile strength and elongation was measured. 

 

3.2 Creep Test 

Tensile creep testing was done in an ATS lever arm creep testing machine based on ASTM E139 test 

reference. The obtained subjects were milled and surface grinding process was carried out and flat rectangular 

specimens were obtained. The gauge length, width and thickness of their gauge were 25 mm, 10 mm and 5 mm, 

respectively, and thus, the initial cross section of the gauge was 50 mm². A 2.5kN load was subjected to constant 

applied tensile load (initially nominal tensile stress 50MPa). Directly attached to the specimen to measure the 

specimen temperature was a thermocouple. This load was applied only after the samples were thermally 

stabilized at 200°C and there was no fixed soaking time. Tests lasted 3600 s. The machine was programmed to 

record the displacement, and to automatically correct the machine for compliance, and calculate the engineering 
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strain from the corrected displacement and the original 25 mm gauge length. For each alloy composition, four 

independent creep tests were performed and a total of 16 tests were performed (n = 4). Strain–time data reported 

is the mean of four specimens at each composition. 

The strain–time data for this revision are the average for four creep specimens of each composition over 

a period of 3600 s, sampled at intervals of 300 s. The automatically calculated creep rates are included in the 

table below and are shown in Table 4. The interval of the rate and specimen traces for the software-derived rate 

uncertainty could not be obtained for verification of independence. Note that the rates given are descriptive only 

and do not claim a specific fitting window with zero steady state. 

Supplementary Fig. S1. Average creep strain-time curves of S1–S4 (average of 4 independently cast 

specimens for each composition). There was no information provided on individual-specimen traces and 

uncertainty bands. 

 
3.3 Hardness Test 

Hardness was measured as Vickers hardness, which was done on a Wilson VH3100 tester, according to 

ASTM E384. The test force was 500 gf (HV0.5), and dwell time 12 s. The hardness was measured in four 

independent specimens for each composition; three indentations were taken on each specimen (a total of 12 

indentation readings for each composition). The reported hardness standard deviations provide only a summary 

of the 12 indentation hardness readings, not a comparison of the four specimen level means; original individual 

indentation hardness readings were not available to recalculate. 

 

3.4 Porosity Analysis 
An analytical balance (Mettler Toledo XS204) was used to measure the experimental density via the 

Archimedes method. There were four independent samples per composition (N = 16). They were all weighed in 

air and then directly placed in water without coating. The apparent immersed mass was measured after the 

removal of any adhering air bubbles. The theoretical densities were calculated based on the OES compositions 

by the rule of mixtures. The conformance in accordance with a particular density-testing standard is not claimed. 

𝜌measured =
𝑚air

𝑚air −𝑚immersed

× 𝜌water  

where m_air is the specimen mass measured in air, m_immersed is its apparent mass during immersion 

in water, and ρ_water is the density of water. 

ρth = 1 / Σ(wi/ρi) 

where wi is the mass fraction and ρi is the density of each element in the mixture. The theoretical 

densities were calculated as 2.707, 2.698, 2.705, and 2.699 g/cm³, for S1, S2, S3, and S4, respectively. The 

percentage of porosity was then determined from: 

Porosity (%) = [1 − (ρmeasured / ρth)] × 100 

The mean porosity for the four independently tested specimens in each group were 4.0%, 2.8%, 1.5% and 

2.0% for S1, S2, S3 and S4 respectively. Approximate four-specimen mean mass pairs transcribed from 

laboratory records are available for each composition (air/immersed, g): S1 100.0/61.54; S2 100.0/61.83; S3 

100.0/62.41; S4 100.0/62.26. These approximate entries are means of the four-specimen group and should not 
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be considered as the replicate data set. Thus, the original mean porosities of the four specimens can not be 

calculated independently from the given pairs and no standard deviations for the porosities are given. 

 

3.5 SEM Analysis 
A JEOL JSM-6510LV scanning electron microscope (SEM) was used for microstructural examination, 

and local elemental characterization was done by energy-dispersive X-ray spectroscopy (EDS). The samples 

were mechanically polished and chemically etched in Keller reagent for 5 s prior to examination. The 

microstructural morphology of the recycled aluminum specimens was studied using scanning electron 

microscopy (SEM) and the energy-dispersive X-ray spectroscopy (EDS) was used for obtaining elemental 

information in the local area. But the observation of the SEM/EDS cannot prove the presence of a particular 

crystal phase like Mg₂Si or Al₂Cu. In addition, quantitative grain refinement was not found, since the grain-size 

was not measured.They cannot give information on the determination of crystalline phases or quantitative 

determination of grain refinement by themselves. X-ray diffraction and quantitative grain-size analysis were not 

carried out. 

 

4. Results and Discussion 

4.1 Mechanical and Microstructural Behavior 
The mechanical properties of the 4 alloy compositions that were modified together (Table 4) were 

different. Hardness increased from 65 HV0.5 (S1) to 82 HV0.5 (S3), while UTS increased from 110 to 160 

MPa; both values decreased at S4 (78 HV0.5 and 150 MPa). The differences seen are due to the alloy chemistry 

changes and not due to alloy Mg or Cu effect. It is not possible to calculate individual contributions of the 

elements and synergy due to variation in Mn[5]. 

For the UTS, the values were raised from S1 (110 MPa) to S3 (160 MPa) and then slightly reduced to S4 

(150 MPa). On the other hand, elongation gradually decreased from 12% (S1) to 6% (S4), reflecting a balance 

between strength and ductility[6]. These changes correlate with changes in the overall composition of the alloy 

and do not reflect effects of Mg or Cu per se. Elongation has been gradually reduced from S1 to S4 to 12% to 

6% respectively which is probably related to increased resistance to plastic deformation and microstructural 

heterogenecity [2,11]. The other compositions investigated also showed an improvement in strength in all 

properties, but S3 showed an improved strength/ductility combination. 

At 200°C under a constant 2.5 kN tensile load (50 MPa initial nominal stress), software-reported creep 

rates decreased from 5.2 × 10⁻⁶ s⁻¹ for S1 to 2.5 × 10⁻⁶ s⁻¹ for S3, before increasing to 3.0 × 10⁻⁶ s⁻¹ for S4. 

Average strain–time curve data presented are average of four specimens each of the four compositions. Since no 

software rate-fitting window or individual specimen record was available, and so the reported rates are 

considered to be comparative statistics and not independent steady state slopes, they may not be compared 

directly with other rates. 

The reported mean porosity decreased from 4.0% (S1) to 1.5% (S3), then increased to 2.0% (S4). The 

measurements were taken for four specimens for each composition and there is an approximate arithmetic cross 

check in the laboratory, with mass records. However, full set of specimen level mass measurement is not 

available to independently test reported group means. There is a possibility of influence of oxide entrainment, 

dissolved hydrogen and microstructural constituents on the porosity which could not be isolated during the 

experiments. The removal of floating slag and surface oxides by hand is not equivalent to degassing the melt as 

the dissolved hydrogen in the molten aluminum is not removed. 

The SEM/EDS images showed elemental variations and some localised areas of higher concentration of 

elements Mg and Cu. But EDX is not suitable for determining the occurrence of specific phases, like Mg₂Si and 

Al₂Cu.The local EDS results for S1 differed from the bulk chemical composition measured by OES, particularly 

for Si and Mn. The composition of the measured OES are listed in Table 2. 

The composition with lowest mean porosity (1.5%), highest ultimate tensile strength (160 MPa) and 

highest Vickers hardness (82 HV0.5) among the investigated compositions was composition S3. Moreover, 

software reported the lowest creep rate of 2.5 × 10⁻⁶ s⁻¹ in S3. Its elongation, however, dropped to 8% as 

compared with S1 which was 12%, showing a balance between mechanical strength and ductility. As a result, 

within the range of compositions studied the best combination of evaluated properties was achieved with S3. 

The optimum performance of S3 is therefore only for the properties investigated and only for the composition 

range investigated, and no claim of a universal optimum is made. 
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Table 4: Summary of experimental results for recycled aluminum alloys S1–S4. 

Sample Hardness (HV0.5) Porosity (%) UTS (MPa) Elongation (%) Software creep rate 

(×10⁻⁶ s⁻¹) 

S1 65 ± 1.1 4.0 110 ± 3 12 ± 0.5 5.2 

S2 72 ± 1.3 2.8 135 ± 4 10 ± 0.4 3.8 

S3 82 ± 1.5 1.5 160 ± 5 8 ± 0.3 2.5 

S4 78 ± 1.4 2.0 150 ± 4 6 ± 0.4 3.0 
 

 
Fig. 3. Experimental properties of the recycled aluminum castings S1-S4 compared: (a) Vickers hardness; (b) 

ultimate tensile strength (UTS); (c) elongation; (d) mean porosity; and (e) software-reported creep rate. Porosity 

and creep rate data are not shown with error bars due to the fact that the data records needed to determine the 

standard deviation of these measurements were not available. 

 

4.2 SEM & EDAX Results 

SEM observations showed that there are differences in the microstructural regions studied. Local 

elemental data, such as the Mg and Cu signals, were provided by EDS. But SEM – EDS alone cannot be used to 

confirm the presence of certain crystalline phases like Mg₂Si or Al₂Cu. The changes in the mechanical 

properties all three elements (Mg, Cu and Mn) undergo at the same time makes it difficult to assign the observed 

mechanical changes to any single alloying element. Claims for quantitative grain refinement are not made. 

EDS does not give an overall bulk alloy elemental composition and should not be used to make this 

determination. Hence, discrepancies between local EDS and bulk OES results can be due to differences in the 

area analyzed, as well as to differences between two techniques. The differences between the local EDS values 

of the S1 and the bulk OES values are an example of the effect from the analysis area selected. Table 2 shows 

that the bulk chemical composition was reported by OES. It is necessary to perform further characterization to 

confirm the phases and the variations of grain-size, which were not done in this study. 
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Fig. 4. SEM micrographs of (a) S1, recycled aluminum without additions, and (b) S3, with nominal additions of 

2 wt.% Mg and 1 wt.% Cu. The images show differences in observed microstructural morphology; phase 

identity and grain refinement were not determined. 

 

 
Fig. 5. SEM micrographs, EDS spectra, and elemental distribution maps of (a) S1 and (b) S3. The maps show 

localized Al, Si, Cu, Mg, Fe, and O signals. EDS does not independently identify Mg₂Si, Al₂Cu, or other 

crystalline phases. 
 

5. Conclusion 

This investigation compared four as-cast recycled aluminum compositions produced from post-consumer 

beverage cans using the same gravity-casting procedure. The study evaluated how changes in the combined 

alloy composition were associated with tensile behavior, Vickers hardness, tensile creep response, measured 

porosity, and selected microstructural features. The experimental comparisons provide composition-specific 

evidence for the processing conditions investigated, rather than establishing the separate causal effects of 

individual alloying elements. 

Among the investigated compositions, S3, prepared with nominal additions of 2 wt.% Mg and 1 wt.% 

Cu, exhibited the highest reported ultimate tensile strength (160 MPa) and Vickers hardness (82 HV0.5). The 

corresponding values for the unmodified recycled aluminum composition S1 were 110 MPa and 65 HV0.5. S4 
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showed slightly lower strength and hardness than S3, at 150 MPa and 78 HV0.5, respectively. These findings 

indicate that increasing the nominal alloying additions throughout the entire investigated range did not produce a 

continuous improvement in these two properties. 

The improvement in strength was accompanied by a reduction in ductility. Reported elongation 

decreased from 12% for S1 to 10% for S2, 8% for S3, and 6% for S4. Accordingly, the selection of a 

composition for engineering use must consider the required balance between resistance to tensile loading and 

capacity for plastic deformation. The present data do not support identifying a universally superior alloy for all 

loading conditions or service environments. 

Under the specified creep-test conditions of 200°C, a constant tensile load of 2.5 kN, and a test duration 

of 3600 s, S3 exhibited the lowest software-reported creep rate (2.5 × 10⁻⁶ s⁻¹), compared with 5.2 × 10⁻⁶ s⁻¹ for 

S1. The mean recorded porosity was also lowest for S3 (1.5%), compared with 4.0% for S1. Nevertheless, the 

absence of complete specimen-level density measurements, individual creep traces, and the software rate-fitting 

interval prevents independent verification of uncertainty for these particular outcomes. The reported creep rates 

should therefore be interpreted as descriptive comparisons under the applied test conditions rather than 

independently established steady-state creep rates. 

SEM observations and local EDS signals revealed differences between the selected microstructural 

regions of S1 and S3. These observations provide supporting descriptive evidence but cannot establish the 

identity of crystalline intermetallic phases or demonstrate quantitative grain refinement. Moreover, measured 

bulk Mg, Cu, and Mn concentrations changed together across the four compositions. Consequently, the observed 

property differences cannot be attributed uniquely to magnesium, copper, their interaction, or any particular 

phase without additional controlled experiments. 

Within the tested composition range and for the evaluated properties, S3 provided the most favorable 

measured combination of strength, hardness, porosity, and reported creep response, with a concurrent loss of 

elongation relative to S1. Potential applications include recycled aluminum cast components for which strength 

and hardness are priorities, provided that application-specific durability and qualification testing is completed. 

Future work should include controlled variation of Mg, Cu, and Mn independently, complete replicate-level 

density and creep records, melt-treatment comparisons, X-ray diffraction for phase identification, quantitative 

grain-size analysis, and evaluation under additional temperatures and loading durations. 
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