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Abstract

:

This paper presents and discusses a methodology implemented to study the process of the preparation of aluminium alloy foams using the alloy A-242, beginning from the recycling of secondary aluminium obtained from beverage cans. The foams are prepared by a melting process by adding 0.50 wt.% calcium to the A-242 aluminium alloy with the aim to change its viscosity in the molten state. To obtain the foam, titanium hydride is added in different concentrations (0.50 wt.%, 0.75 wt.%, and 1.00 wt.%) and at different temperatures (923, 948 K, and 973 K) while the foaming time is kept constant at 30 s. For a set of experimental parameter values, aluminium alloy foams with the average relative density of 0.12 were obtained and had an 88.22% average porosity. In this way, it is possible to state that the preparation of aluminium alloy foams A-242 processed from the recycling of cans is possible, with characteristics and properties similar to those obtained using commercial-purity metals.
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1. Introduction


Aluminium and its alloys are highly recyclable metals that are easily used for the preparation of several specific alloys, and there are claims that the practice of recycling aluminium allows to reduce pollution and contributes to saving electrical energy as compared to the primary aluminium obtaining process. The recycling process is suitable as aluminium cans from discarded beverages are composed mainly of aluminium alloys, so any separation methods for other materials are not required [1].



Recycling is desirable when the environmental and economic implications of their reintegration do not exceed the limits of their primary production [2]. Aluminium is used in present times like no other metal, together with steel, so its production is continuously growing, with an average growth of 3.7% per annum [3]. Its physical properties make it an ideal candidate for a range of applications in industries such as packaging, transportation, construction, and aerospace, among others [4]. However, secondary aluminium production faces problems with quality losses (when the purity of the aluminium produced is lower than the input material, e.g., by adding alloying elements during re-melting) and dilution losses (addition of primary aluminium during melting to dilute the concentration of residual elements that cannot be refined), accumulation of impurities, and unlimited options for purification of the molten mass [5,6,7,8]. Nevertheless, several studies have addressed the fact that aluminium recycling needs no more than 5% of the energy needed for its primary production, so it presents a real opportunity to reduce environmental impacts if managed in a sustainable way [9,10].



On the other hand, it is well known that for the 2XX series of alloys, copper is the main alloying element, so these types of alloys are thermally treatable. Some of the properties that they present are good ductility, high tensile strength (275 MPa) and compressive yield strength (235 MPa). During solidification, the main alloying elements form intermetallic phases which precipitate in different morphologies, giving rise to various properties. Copper is slightly soluble in aluminium at room temperature (0.2%); however, increasing the temperature (821 K) can dissolve up to 5.65% copper. During the solidification process of the A-242 aluminium alloy, the intermetallic compound Al2Cu is formed as a result of a eutectic reaction, improving resistance and hardness in the as-cast condition. With high copper content (4 to 6%), the aluminium alloy responds strongly to heat treatments. On the other hand, nickel forms the intermetallic Al3Ni with aluminium on solidification, which improves the properties at high temperatures, also reducing the coefficient of thermal expansion. This alloy is used in the manufacture of cylinder heads for motorcycles and pistons [11]. Table 1 shows the chemical composition of the A-242 alloy [12].



The automotive industry is constantly searching for innovation in its products, giving the opportunity to develop and innovate new materials which allow a better fuel efficiency and passenger safety [13]. Aluminium foams are an attractive alternative for this purpose because their properties are ideal for this purpose as its lightness and ability to absorb impact energy.



Metal foams are light materials in which a gas dispersed in a metal matrix occupies between 50 and 90% of the total volume, obtaining low density values (0.3–0.8 g/cm3). They are characterized by a combination of mechanical and physical properties resulting from both the porous structure and the characteristics of the metal from which they were manufactured [14,15]. Depending on the production method, the foam structure is more or less homogeneous and comprises different characteristic features that determine its properties and, therefore, the fields of application [16,17].



However, less common and familiar are applications and products based on metal foams. The reason is that they are still not widespread, although they have a very high potential, and a large number of applications already exist on the market. Some reviews about the applications of metallic foams are available in the literature [16,17,18,19,20,21,22]; however, in recent years, new application fields have emerged, and not all are considered commercially relevant.



The main applications of metal foams can be grouped into structural and functional applications, and are based on several excellent properties of the material [17]. Structural applications take advantage of the light-weight and specific mechanical properties of metal foams; functional applications are based on a special functionality, i.e., a large open area in combination with very good thermal or electrical conductivity for heat dissipation or as electrode for batteries, respectively [16].



There are a large number of manufacturing methods for metal foams. The closed porosity metal foams are commonly fabricated by direct and indirect foaming methods, such as the melting (ML) and powder metallurgical (PM) methods [16,17], respectively. These methods are already described in the literature [16,17,23,24,25,26].



Shinko Wire provided the first commercial production of metal foams in the late 1980s. In this process, calcium is first added to an aluminium melt and stirred in air to produce oxides and raise its viscosity. Subsequently, the powder of the blowing agent (TiH2) is dispersed quickly into the melt by stirring, decomposing into gaseous hydrogen and titanium at the melt temperature. The melt starts then foaming inside the crucible or inside a mold. Finally, it is cooled down to a big block and usually sliced into plates of the desired thickness. This type of metallic foam and the corresponding process is called Alporas, which was patented in America in 1987 [16,27].



Another process to manufacture aluminium alloy foams melt was invented in the early 1990s by Alcan International Limited in Montreal (QC, Canada) [28], and Norsk Hydro (Oslo, Norway). In this process, the melt needs to be prepared with ceramic particles, such as silicon carbide or aluminium oxides, ranging from 5 to 20 vol.% to increase the viscosity of the melt and to stabilize the liquid cell walls. Subsequently, air bubbles are injected and, at the same time, dispersed into the melt using rotating impellers. The bubbles rise to the top of the melt, where they are collected in a liquid foam and start solidifying after leaving the furnace, where the foam can be continuously drawn off using a conveyor belt. This method is used nowadays by Cymat (Mississauga, ON, Canada) to produce foam panels or to fill molds with foams that do not need further processing [16].



In the 1950s, Allen et al. patented a method for foaming metal [29]. This route consists of an indirect foaming of solid precursors by heating. The precursor is produced by mixing aluminium powders with the corresponding alloying elements and a blowing agent, typically 0.5 to 1.0 wt.% of TiH2. Once the powder mixture is prepared, it is consolidated and sintered by extrusion, uniaxial compaction or rolling to yield a foamable precursor. By the heating of the precursors, the matrix starts melting, and the gas of the blowing agent nucleates. In the course of the temperature increasing, hydrogen production increases, and the gas diffuses to the nucleated pores, letting them grow into big bubbles and expanding the foam. The resident oxides in the metal powders (usually 0.5 to 1%) provide the stability of the foam during the holding time in the liquid state [30]. After several minutes, the foam development is fulfilled, and the foamed metal structure can be conserved by temperature reduction, leading to foam solidification [16].



Applications of metal foams are strongly linked to the properties that such kinds of materials can offer and especially to those that are excellent or even unique. Some of the properties are obviously mainly related to those of the matrix metal itself, e.g., elasticity, temperature or corrosion resistance, etc., while others appear only in combination with the cellular structure, e.g., low density, large surface area or damping [16].



The mechanical properties of metal foams are of course correlated to the ones of the corresponding bulk metal, but in a specific manner. The dominating factors here are the density and the structure itself. The foam structure is obviously the characteristic feature of a foam. Mechanical properties depend mainly on the density but are also influenced by the quality of the cellular structure in the sense of cell connectivity, cell roundness and diameter distribution, fraction of the solid contained in the cell nodes, edges or the cell faces [16,26,31,32,33,34,35,36].



The main objective of this work was the preparation A-242 aluminium alloy foams, obtained by adjusting the chemical composition of secondary aluminium from the recycling of beverage cans. On the other hand, taking into account that during solidification of the aluminium alloy foam, the precipitation of various intermetallic compounds occurs (i.e., Al2Cu, Al3Ni, Al9FeNi, Al2CuMg, Ti, Al3Ti), it was interesting to study the effects of the processing temperature and the content of titanium hydride used on the formation in the aluminium alloy foams and mechanical behavior during the compression test.




2. Materials and Methods


2.1. Preparation of Aluminium Alloy Foam


The cans are composed mainly of three different alloys, i.e., the body corresponds to the A-3004 alloy, the lid to the A-5182 alloy, and the seal to the A-5082 alloy [37]. Once melted, the composition of the obtained alloy is similar to that described in Table 2. Compacted cans were melted in a gas-fired furnace containing a silicon carbide crucible with a capacity of 60 kg. Once the temperature of 1023 K was attained, a flux was added to the molten bath to remove impurities from the alloy.



Once the beverage cans were melted, the chemical composition was adjusted with additions of pure copper (4 wt.%) and electrolytic nickel (2 wt.%) at a temperature of 1293 K to bring the mixture to the A-242 alloy specification. The amounts of alloying elements to be added were calculated using the following equation:


X=(Pc)(C)100%,



(1)




where X is the amount, in grams, of the alloying element to be added (Cu, Ni); Pc is the weight of the load as melted (g); and C is the difference between the weight percentage necessary to attain the composition and the initial one. Table 3 shows the final chemical composition of the A-242 aluminium alloy obtained from the adjustment of the chemical composition after the melting step.



The chemical compositions of the secondary aluminium and of the A-242 aluminium alloy were determined using a SpectroLAB spark emission spectrometer (Spectro Inc., Kleve, Germany).



To determine the melting temperature range of the A-242 alloy during heating, a Perkin Elmer Differential Thermal Analyzer 7 (Seiko Instruments Inc, Chiba, Japan) was used. Three tests were carried out at a heating speed of 10 °C/min under an argon atmosphere. Figure 1 shows a differential thermal analysis (DTA) pattern for the obtained A-242 aluminium alloy. This shows an endothermic event in the range from 869 to 931 K, related to the starting temperatures of the melting of the A-242 aluminium alloy.



The next step was the preparation of A-242 aluminium alloy foams. At this step, the effects of the content of the foaming agent and the foaming temperature on the mechanical properties and microstructure of the aluminium alloy foams were investigated. Table 4 presents the parameters and their values studied.



The A-242 aluminium alloy foams were prepared in an electrical resistance furnace equipped with a mechanical agitator using a bipartite steel mold. Once the constant temperature of 923 K was attained, 0.50 wt.% Ca was added, and the mixture was shaken for 5 min at a speed of 1500 rpm in order to modify the viscosity of the aluminium alloy. It is worth mentioning that the inclined plane technique was used to determine the viscosity value attained after this addition. We found that, under the conditions imposed, the aluminium alloy developed a viscosity of 0.196 Pa·s—enough to carry out the foaming process. The foaming agent was added according to the conditions depicted in Table 4, where the TiH2 thermally decomposes, releasing hydrogen [38]. The release of this gas gives rise to the formation of bubbles inside the metal held in a semisolid state. The TiH2 was allowed to react for 30 s with constant agitation at 3000 rpm. After the foaming time had elapsed, the mold was removed from the furnace, allowing the prepared aluminium alloy foam to solidify to room temperature (298 K). When the aluminium alloy solidifies, the bubbles are trapped in the metal, giving rise to the formation of pores inside the alloy. The aluminium alloy foams obtained are cylindrical in shape, an average of 118.06 mm in height, and with a diameter of 75 mm.




2.2. Morphological Characterization


The expansion of the aluminium alloy only takes place in the direction of the height. Therefore, Equation (2) [39] is used to find the linear expansion of the aluminium alloy as a function of the heights of the aluminium alloy foam and of the molten metal in the mold:


αLE=h1−h2h2×100%,



(2)




where αLE is the linear expansion of the foam, h1 is the height of the foam, and h2 is the height of the molten metal in the mold.



The density of the aluminium alloy foams was determined using Equation (3), where the samples used were in the form of cubes made by cutting the aluminium alloy foam. Each sample was weighed using a digital apparatus obtaining the mass of the specimen (m) expressed in grams. The dimensions of the samples were also measured in order to calculate their volume (V).


ρ=mV



(3)







The relative density (ρ*) of the samples was estimated using Equation (4), where ρ corresponds to the density of the aluminium alloy foams obtained from Equation (3), and ρs for which the density of A-242 aluminium alloys (2.823 g/cm3) [11] was used.


ρ*=ρρs



(4)







The percentage of porosity was determined using Equation (5) [39]:


P=(1−ρρs)×100



(5)




where P is the percentage of porosity of the aluminium alloy foams.



To find the pore diameter, the photomicrographs obtained from the stereographic microscope were used. Image Pro Plus software (4.1, Media Cybernetics Inc., Rockville, MD, USA) was used to trace two perpendicular lines to each other within each pore; these lines give the length between two points, so 30 measurements were made per sample to find the average diameter. Figure 2 shows the image used, illustrating the pore diameter of some of the measurements.



The wall thickness measurements were performed using a scanning electron microscope (SEM) (Royal Philips Inc., Amsterdam, The Netherlands), as is shown in Figure 3 by a micrograph of the foam, indicating the measurements performed. To find the average wall thickness, 10 measurements per sample were performed.



The microstructure of the A-242 aluminium alloy foams was observed using an XL30 ESEM scanning electron microscope (Royal Philips, Amsterdam, The Netherlands) equipped with a GENESIS 400 EDS (energy dispersion spectroscopy, Hi-Tech Instruments, Las Pinas, Philippines) microanalysis system to identify the intermetallic compounds present in the samples.




2.3. Mechanical Characterization


Finally, in order to evaluate the mechanical strength of the aluminium alloy foams under compression loads, uniaxial compression testing was carried out according to the ASTM E9 Standard procedure at room temperature. The tests were carried out using a Qtest Elite 100 model MTS electromechanical universal testing machine (MTS Inc., Berlin, Germany) with a capacity of 100 KN, equipped with TestWork software (Version 4, MTS Systems Corporation, Berlin, Germany). Cubic samples (25 × 25 × 25 mm3) were tested as shown in Figure 4. The compression tests were performed at cross-head rates of 3 mm/min. The force and the displacement were recorded during the compression tests. The engineering stress-strain data were determined through load-displacement measurements taking into account the initial dimensions of specimens.





3. Results and Discussion


3.1. Foam Morphology


Figure 4 shows an image of A-242 aluminium alloy foam obtained using the process described in this work: a structure of closed porosity having an average relative density of 0.12.



Figure 5 shows a photomicrograph of a A-242 aluminium alloy foam prepared with 0.75% TiH2 at 948 K (A5) using a stereographic microscope, where it can be observed that the pores of the sample are not connected to each other, thus A-242 aluminium alloy foams prepared using the technique described in this work presented a structure with closed porosity.



The samples obtained have an average of 88.22% porosity, average pore size of 1.29 mm (0.50 mm standard deviation) and an average wall thickness of 114.67 μm (32.61 μm standard deviation). Table 5 presents the results obtained from the linear expansion, relative density, porosity, pore diameter, and wall thickness values for A-242 aluminium alloy foams obtained in the experiments indicated. We analyzed the effect of foaming temperature and TiH2 content on the properties of A-242 aluminium alloy foams.



As can observed from the values reported in Table 5, the foaming temperature does not greatly affect the linear expansion of the aluminium alloy foams obtained or the percentage of TiH2. Duarte et al. [40] report the effects of foaming temperature for 6061 alloy foams where they found that, when the foaming temperature is close to the solidus temperature, only a slight expansion occurs. If the foaming temperature is in the solid-liquid range, a greater expansion of the foam can be observed. However, increasing the temperature above the solid-liquid region reduces the viscosity of the alloy and promotes the production of more gas (H2) so that a greater expansion of the metal can be observed. Therefore, it is evident that the foaming process is sensitive to the foaming temperature chosen as well as the TiH2 content.



The relative density of A-242 aluminium alloy foams is highly sensitive to foaming temperature and TiH2 content. An increase in some of these parameters causes the relative density of the foam to decrease. The porosity of the foam is related to the relative density; therefore, this property is affected by both the foaming temperature and the content of TiH2.



The pore diameter and wall thickness of the pores is highly affected by the foaming temperature and the content of the foaming agent. An increase in foaming temperature produces a thinning of the pore walls effect of the coalescence and drainage phenomena of the foam (drained is a flow of molten metal from the walls into the pores edges (driven by surface tension) and through pore edges downwards driven by gravity). The same is true when a high content of H2 is released, giving rise to the phenomenon of coalescence (coalescence occurs whenever two pores merge to form a larger one) [40].




3.2. Compression Behavior


During the compression behavior of the foams, three characteristic zones must be evaluated: quasi-elastic, plateau, and densification [17,39].



The first area represents the quasi-elastic deformation behavior attained at smaller values of compression. A more complete analysis revealed that the deformation is partly reversible and a certain process of irreversible deformation of the foam structure occurs during the first load (depending on the density gradients, the structural composition, and microstructure of the foam). The second zone is that of constant stress or plateau, resulting in the abrupt and repeated failure of successive layers of pores (that in porous materials, the deformation takes place in low resistance regions, this being the one that presents the thinnest pore wall and the first contact zone during the compression test). If the foam is not perfect, then the stress in this zone shows ups and downs due to defects in the structure of the foam such as pore size distribution, low-density regions, very long pores, and walls of fractured pores. The third zone is that of densification; it begins when there are no longer enough walls of intact pores to withstand the load. The stress therefore increased quickly because the walls of the pores collided with each other, occupying the space left by the pores and causing the foam to densify, increasing its mechanical resistance [15,41]. Figure 6 shows the stress-strain curves of the A-242 aluminium alloy foams prepared to different processing parameters.



In general, an increase in the content of the foaming agent added in the foaming process affects the internal structure of the aluminium alloy foams, i.e., by increasing pore size and decreasing resistance to deformation. The content of H2 retained in the aluminium alloy, which results from the thermal decomposition of the TiH2, causes the presence of large pores (greater than 2 mm) and low relative density values (less than 0.1). Therefore, the presence of intermetallic compounds such as Al3Fe and Al2CuMg causes brittleness during the compression test.



The samples foamed at 923 K presented very similar mechanical behaviors, with the sample foamed with 0.75 wt.% of TiH2 being the one that presented greater densification. The samples foamed at 948 K presented higher resistance compared with the samples obtained at 923 K. However, the foam with 1.00 wt.% TiH2 did not densify; this effect is due to its structure presenting large pores and low density. The aluminium alloy foams manufactured at 973 K presented a lower mechanical resistance, mainly for contents of 0.75 wt.% and 1.00 wt.% TiH2, the latter of which in general developed the lowest value of density. The exception to this was the aluminium alloy foam to which was added 0.50% TiH2, since this foam is the one that presented the highest value of resistance to deformation.



The most important characteristic that affects the mechanical properties of the foams is the relative density (relation between the density the foam and that of the solid). The metal foams have relative density values of less than 0.3 [14]. An increase in the density value is related to an increase in resistance.



The literature [14] establishes that the pore size of most metal foams lies in the range from 2 to 10 mm. Although the mechanical properties of the foams are sensitive to the wall thickness ratio (metal layer that separates one pore from another), most do not depend on the absolute pore size. The shape of the pores of the metal foams varies from equiaxial to ellipsoidal, and this has an important effect on mechanical behavior. In addition, the curvature of the walls and the chemical composition of the same affects the properties of the foam. Additives and foaming agents used to manufacture metal foams often result in unconventional alloys. An example of this is the use of Ca as a modifier of viscosity of the molten metal and TiH2 as a foaming agent, which introduces precipitates of Al, Ca, and Ti into the microstructure, weakening the walls of the pores [14]. The presence of calcium in the aluminium alloys forms intermetallic Al4Ca which presents a polyhedral morphology, being a precursor for the fracture and collapse of the foam during the compression test. In this case, the resistance of the aluminium alloy foam is expected to decrease in comparison with materials that do not present the formation of such intermetallic compounds.



Prieto et al. [42] presented a comparison of the stress-strain curves for aluminium foams obtained from the recycling of cans for beverages and pure aluminium, where the alloying elements such as Fe, Mn, and Mg form intermetallic compounds in the pore wall. The foam obtained from recycling presents a higher resistance than does the pure aluminium foam, an effect which is attributed to the presence of alloying elements such as Ca, Ti, Fe, and Mg which form intermetallic compounds such as Al4Ca, Al3Ti, and Al6(Fe, Mn).



Figure 7 shows a comparison of the stress-strain curves of foams obtained with pure aluminium, recycled aluminium cans, and the A-242 aluminium alloy obtained from the recycling of cans. The data of pure aluminium and of recycled aluminium were obtained from the work of Prieto et al. [42]. The pure aluminium and secondary aluminium foams have a relative density of 0.46, porosity of 82%, and pore diameter of 3 mm.



As can be observed in this figure, the foam of A-242 aluminium alloy prepared with 0.75 wt.% TiH2 at 948 K presents the highest mechanical strength (24.13 MPa) and short plateau zone, as compared to foams prepared with pure aluminium (13 MPa) and secondary aluminium prepared from beverage cans (21 MPa). For the preparation of A-242 aluminium alloy foams, a lesser Ca content (0.50 wt.%) is required to stabilize the aluminium alloy foam, as well as a lesser content of TiH2 to get low relative density values (0.13), a porosity of 82%, and a pore size of 1.5 mm. This could be an advantage for developing this kind of foam at an industrial level. In addition, due to the high Cu content in the A-242 aluminium alloy, the A-242 aluminium alloy foams can be thermally treated in order to improve their mechanical properties. The addition of TiH2 during foaming seems to also affect grain refinement during solidification; the TiAl3 particles formed improve the mechanical resistance of the aluminium alloy [43].



On the other hand, Ca particles seem to greatly affect the collapsing behavior of the foam during compression testing, as Ca forms new intermetallic compounds with Cu, weakening the foam wall and causing the fracture of the same before the application of the compression load [44]. Due to this fact, in this work we propose the use of a lower content of Ca to stabilize the aluminium alloy foam and avoid the formation of Cu-rich intermetallic compounds with calcium.




3.3. Microstructural Analysis


Figure 8 shows micrographs obtained via SEM where the pore walls of aluminium alloy foams with different contents of TiH2 are evident. The aluminium alloy foams depicted were obtained as follows: a) 0.50 wt.% TiH2, b) 0.75 wt.% TiH2, c) 1.00 wt.% TiH2 at 948 K. The intermetallic phases were identified using EDS in the SEM. The microstructure of the aluminium alloy foam cell wall is composed of aluminium dendrites, in addition to intermetallic compounds of Al2Cu (alternating lamellae of α-Al + θ-Al2Cu). Intermetallic compounds of the Al9FeNi and Al3Fe in their acicular forms and polymorphs of the Al2CuMg intermetallic compound are evident. The presence of Fe- and Mg-rich intermetallics comes from the raw material (beverage cans), in contrast to those rich in Ni and Cu, which come from the alloying elements added to adjust the chemical composition of the alloy. The presence of Ti-rich particles is a product of the decomposition reaction of the foaming agent (TiH2) during the process of frothing, where Al3Ti is formed by the reaction between aluminium and titanium. The cooling rate and the chemical composition of the aluminium foam are the main variables that determine the morphology, size and distribution of the different intermetallic compounds.



Figure 9 shows a micrograph obtained through SEM of a Ti-rich particle, surrounded by particles of the Al3Ti intermetallic compound, in an A-242 aluminium alloy foam prepared with 1.00 wt.% TiH2 at 948 K. The compound Al3Ti appears when the processing temperature is low, and the Al3Ti intermetallic gives the alloy greater mechanical strength [45]. The appearance of this intermetallic compound based on the equilibrium diagram is due to the preparation conditions used during the process (reaction time and foaming temperature). Figure 10 shows EDS patterns of the matrix, Ti-rich particle and Al3Ti intermetallic.





4. Conclusions


From the results obtained in this work, it is important to emphasize the possibility of using secondary aluminium for the preparation of aluminium alloy foams with characteristics similar to those obtained by the use of commercial-purity elements.



Aluminium alloy foams were prepared with closed porosity in the order of 88.22% and with a relative density of 0.12. The pore size was 1.29 mm, and the wall thickness was 114.67 μm.



Various intermetallic compounds were identified scattered on the pore walls, such as Al2Cu, Al9FeNi, Al3Fe, Al2CuMg, Ti, and Al3Ti. The aluminium alloy foams manufactured with 1.00 wt.% TiH2 showed higher concentrations of intermetallics.



With low TiH2 contents (0.50 wt.% and 0.75 wt.%), the samples presented high mechanical strength values; when analyzing the microstructure of this group of samples, it was observed that they present lower contents of intermetallic compounds distributed in the pore wall and the thickness of thinner wall.



The temperature of 948 K turned out to be the best temperature for foaming because the resulting aluminium alloy foams presented the highest values of compressive strength.



The aluminium alloy foams prepared from the A-242 aluminium alloy presented higher values of mechanical strength and lower relative density values when compared to foams prepared using commercial-purity elements.
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Figure 1. DTA pattern for the A-242 aluminium alloy. 
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Figure 2. Measurement of the pore diameter using Image Pro Plus software. 
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Figure 3. Scanning electron microscope (SEM) micrograph of A-242 aluminium alloy foam where the wall thickness measurements are illustrated. 
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Figure 4. Image of A-242 aluminium alloy foam, showing the closed porosity attained with 0.75% TiH2 at 948 K (A5). 
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Figure 5. Stereographic photomicrography of A-242 aluminium alloy froam, obtained with 0.75% TiH2 at 948 K (A5). 






Figure 5. Stereographic photomicrography of A-242 aluminium alloy froam, obtained with 0.75% TiH2 at 948 K (A5).



[image: Metals 09 00092 g005]







[image: Metals 09 00092 g006a 550][image: Metals 09 00092 g006b 550]





Figure 6. Effect of the percentage of TiH2 and temperature on the mechanical behavior of A-242 aluminium alloy foams, (a) 923 K, (b) 948 K, (c) 973 K. 
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Figure 7. Stress–strain curves of a pure aluminium foam, an aluminium foam of an alloy prepared from beverage cans, and foams prepared with the A-242 aluminium alloy prepared in this work. 
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Figure 8. Micrographs of A-242 aluminium alloy foams: (a) 0.50 wt.% TiH2; (b) 0.75 wt.% TiH2; and (c) 1.00 wt.% TiH2 at 948 K. 
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Figure 9. SEM micrograph of a Ti-rich particle, presumably the Al3Ti intermetallic compound. 
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Figure 10. Energy dispersion spectroscopy (EDS) patterns for the Ti-rich particle. 
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Table 1. Chemical composition of A-242 aluminium alloy (wt.%).
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	Al
	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Ni
	Zn
	Ti
	Others





	Balance
	0.70
	1.00
	3.5–4.5
	0.35
	1.2–1.8
	0.25
	1.7–2.3
	0.35
	0.25
	0.15
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Table 2. Chemical compositions of the alloys contained in the aluminium cans and the final composition of the fused alloy (base alloy) in wt.%.
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	Alloy
	Al
	Si
	Fe
	Cu
	Mn
	Mg
	Ni
	Ti
	Cr
	Zn





	Body

A-3004
	Balance
	0.30
	0.70
	0.25
	1.00–1.50
	0.80–1.30
	-
	-
	-
	0.25



	Lid

A-5182
	Balance
	0.20
	0.35
	0.15
	0.20–0.50
	4.00–5.00
	-
	0.10
	0.10
	0.25



	Seal

A-5082
	Balance
	0.20
	0.35
	0.15
	0.15
	4.00–5.00
	-
	0.10
	0.15
	0.25



	Base alloy
	Balance
	0.27
	0.72
	0.16
	0.89
	0.86
	0.01
	0.01
	0.02
	0.09
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Table 3. Chemical composition of the A-242 aluminium alloy obtained after the melting and composition adjustment steps.
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	Alloy
	Al
	Si
	Fe
	Cu
	Mn
	Mg
	Ni
	Ti
	Cr
	Zn





	A-242
	Balance
	0.25
	0.66
	3.68
	0.81
	0.77
	1.94
	-
	0.02
	0.09
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Table 4. Values selected for the preparation of A-242 aluminium alloy foams (foaming time is constant for 30 s).
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	Sample
	% TiH2
	Foaming Temperature (K)





	A1
	0.50
	923



	A2
	0.75
	923



	A3
	1.00
	923



	A4
	0.50
	948



	A5
	0.75
	948



	A6
	1.00
	948



	A7
	0.50
	973



	A8
	0.75
	973



	A9
	1.00
	973
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Table 5. Linear expansion, relative density, porosity, pore diameter and wall thickness of the indicated A-242 aluminium alloy foams (σ = standard deviation).
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	Sample
	Linear Expansion (%)
	Relative Density
	Porosity (%)
	Pore Diameter (µm)
	σ Pore Diameter (µm)
	Wall Thickness (µm)
	σ Wall Thickness (µm)





	A1
	79.50
	0.1293
	87.07
	633.87
	279.74
	148.11
	66.84



	A2
	75.01
	0.1512
	84.88
	864.40
	362.54
	90.07
	56.54



	A3
	79.21
	0.1451
	85.49
	1220.96
	742.55
	124.74
	65.61



	A4
	77.20
	0.1006
	89.94
	1753.93
	848.31
	87.56
	29.32



	A5
	71.56
	0.1327
	86.73
	1071.93
	486.78
	89.44
	45.04



	A6
	77.63
	0.0883
	91.17
	2149.79
	979.64
	181.69
	75.13



	A7
	77.35
	0.1410
	85.90
	823.51
	268.20
	97.48
	38.31



	A8
	80.21
	0.1118
	88.82
	1388.27
	867.70
	92.55
	55.82



	A9
	76.98
	0.0604
	93.96
	1710.11
	699.65
	120.43
	54.8
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