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Abstract

:

Closed-cell aluminum foam has a porous structure and metal properties due to its unique composition. As a structural material, it has the advantages of being lightweight, having a large specific surface area, and having high specific strength and stiffness. As a functional material, it can be used for sound and noise reduction, heat insulation, electromagnetic shielding, damping, and energy absorption, but it also has poor mechanical properties and poor surface flatness, and can be easily corroded. Considering the abovementioned problems, researchers have gradually extended their research on foam materials. Under the research of many international scholars, studies have shifted from simple aluminum foam preparation to improving and optimizing aluminum foam composite structures (AFCSs). From the perspective of development prospects, AFCSs have better application prospects than single aluminum foam. In this paper, the research progress on the preparation technology of AFCSs in recent years was reviewed based on the performance enhancement mechanism of aluminum matrix composites and the structural characteristics of aluminum foam. The morphology and pore structures of closed-cell AFCSs under different preparation methods were summarized. However, due to the limitations of existing experimental conditions, this paper only considered the advantages and disadvantages of AFCS preparation methods. The improvement of AFCS preparation technology, the development of the potential properties of AFCSs, and the promotion of AFCS industrial applications were also considered.
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1. Introduction


Traditional solid foam materials, such as polymer foam and honeycomb aluminum sheets, have yet to meet the needs of today’s social development due to their limitations (low strength and poor high-temperature resistance, etc.). This has brought the research on foamed metals, especially foamed aluminum material, back into the view of scientists and various enterprises. As a new type of composite material, closed-cell aluminum foam is lightweight, has high specific stiffness, high energy absorption, and excellent electromagnetic shielding and damping. As the research progressed, various sheets, tubes, and metal frames were inserted into aluminum foam from the outside or inside to form aluminum foam composite structures (AFCSs) [1,2,3]. AFCSs have many advantages over traditional aluminum foam. AFCSs are stronger than thick sheets of the same mass. Their main advantage over bare foam without panels is that external panels enable AFCSs to withstand larger tensile loads. Aluminum foam is reinforced with wire or mesh, similar to sheet reinforcement, with both resulting in better tensile properties. The presence of sheets and pipes can avoid the surface damage or corrosion problems of aluminum foam. Based on the abovementioned advantages, people are increasingly interested in AFCSs, and several methods of making AFCSs have been proposed. According to the production technology, this occurs mainly through the direct foaming method and the indirect foaming method [4,5,6,7]. During the indirect foaming method, core materials fabricated by powder metallurgy and the melt foaming method are cut into various shapes and AFCSs are prepared by assembling aluminum foam cores and external structures, with some binder being sometimes necessary. To obtain suitable interfaces between the aluminum foam and the external structure, the foamable aluminum melt is poured inside metal tubes or some other cavity structures, where the internal surfaces of the cavity structures are pretreated. Based on the above fabrication route, various kinds of AFCSs have been created, such as the aluminum foam sandwich. This paper will summarize the preparation methods of several aluminum foam composite structures. AFCSs have been widely used in real life [8], such as in lightweight structures, packaging, insulation, shock absorption, noise reduction, and in other fields. Based on the review’s focus, this paper only briefly puts forward the application of AFCSs and does not systematically introduce their applications.




2. Aluminum Foam Sandwich


The aluminum foam sandwich (AFS), a typical AFCS, is composed of external solid panels and an internal porous aluminum foam core. According to the service conditions and manufacturing method, titanium, steel, aluminum, wood, ceramic, carbon fiber, and other materials [9,10,11,12] can serve as the above-mentioned solid panels, as shown in Figure 1. The porous aluminum foam core has poor mechanical performance, but the external solid panels of the AFS can bear the main load to protect the core from being destroyed during a crash. At the same time, the aluminum foam core increases the distance between the two solid plates, thereby increasing the second-moment area of the AFS. As a result, the structural stiffness and strength increase. In addition, external deformation energy can be consumed by plastic deformation of the porous aluminum foam core. From the lightweight structure perspective, the low-density aluminum foam core significantly reduces the mass of the AFS, leading to high specific strength and specific stiffness.



At present, the preparation methods for AFSs are divided into adhesive bonding, welding, powder metallurgy, and surface compaction methods. Owing to the various fabrication routes, the porosity, uniformity, and mechanical properties of the AFS can be vastly different.



2.1. Adhesive Bonding Method


Adhesive bonding is the most direct and effective method to combine the panels and the aluminum foam core, and this method also has the advantages of high efficiency and low cost. The primary preparation process includes the following steps. Firstly, the bonding surfaces of solid panels and aluminum foam core surfaces are polished using sandpaper, ensuring superficial roughness. Secondly, the preprocessed panels and aluminum foam core are cleaned with ethanol or acetone to remove oil and impurities. Thirdly, an adhesive is applied to the preprocessed surface, and these parts are combined under certain temperatures and pressures [17].



Figure 2a shows the assembly diagram for a steel–foam–steel AFS using work fixtures, where the adhesive was epoxy resin. A schematic diagram for the cross-section is shown in Figure 2b. From the perspective of the fabrication process, an adhesive was necessary, so the bonding strength between the panels and the core was influenced by the quality of the adhesive. Additionally, polymer binders are easily weathered after long-term use and will lose their efficacy under high temperatures. From the perspective of the bonding surfaces, a porous structure causes a rugged bonding surface, so only the skeleton area can contact a solid panel during an appropriate pressure, and the effective bonding surface is insufficient. Concave pore surfaces are difficult to clean, and grease, scraps, and cutting liquid adhere to the pore’s inner surface, weakening the bonding strength. To improve the bonding strength of the AFS, many scholars have adopted various modification methods to treat both the panel and aluminum foam core surfaces, and a high-temperature adhesive method has also been employed. For example, nitrogen plasma has been used to pretreat aluminum foam and aluminum plates to increase the surface hydrophilicity of the aluminum and the adhesive [18]. Surface modification methods, such as silane treatment and silane treatment combined with a polypropylene base film addition, have been used to bond fiber–metal laminates and Al foam. An AFS with aluminum alloy sheets fabricated using an improved bonding process with an epoxy adhesive [19] showed excellent bonding strength, and the whole AFS presented superior compression and energy absorption properties [20]. Replacing traditional adhesives with high-temperature adhesives [21] can improve the high-temperature mechanical properties of the AFS. AFSs prepared directly with carbon fiber/epoxy composite laminates as the upper and lower panels also have certain bonding strengths [11,22].



Adhesive technology only influences the bonding strength between the core and panels, the internal pore structures of the AFS are controlled by the aluminum foam core, which is formed by slicing the aluminum foam bulk. In other words, the pore morphology of the AFS is mainly related to the aluminum foam bulk preparation method. To date, aluminum foam cores have been mainly prepared by employing the melt foaming method. Figure 3 shows the aluminum foam core with different densities. The pores of aluminum foam samples prepared by melt foaming technology have gradient characteristics, and aluminum foam core layers with different pore sizes can be obtained by cutting aluminum foam samples at different heights. The average pore size is 6.5, 4.5, and 3.2 mm in Figure 3a–c, respectively. It can be observed that the aluminum foam core presents uniform pore structures. Figure 4 shows an AFS prepared by the adhesivity method, where there is an obvious gap between the panel and core.



In conclusion, the internal aluminum foam core contributes to the functional properties, the external solid panels bear the main loading, and the bonding area acts as a middle layer transferred load. Therefore, many scholars have exhausted improving adhesive technology to improve the bonding strength, and the most widely used adhesives are AB adhesives, polycarbonate resin, and epoxy resin. Despite this, due to the properties of the polymer adhesive itself, melt and metamorphism limits the adhesive’s working conditions. Although some certain high-temperature adhesives can adapt to short-term high-temperature environments, the aging phenomenon exacerbates inevitably during long-term use, and their application is limited [27,28].




2.2. Welding Method


Welding, known as an industrial tailor, has been widely used to join metal materials; in this regard, welding can also be applied to joint aluminum foam core and metal panels for fabricating an AFS. The main welding methods for AFSs include brazing, diffusion welding, and friction stir welding [29,30,31].



2.2.1. Brazing


Solders are necessary for braze welding, which are molten and fill the weld area [32,33]. Under certain welding conditions, the brazing method can achieve the metallurgical bonding of an aluminum foam core and sheet metal. The main technological processes are similar to the adhesive bonding method. Firstly, both the core and panels are cleaned to remove the oxide layer and grease. Then, solders are inlaid on one side of the panel and flux aqueous solution is sprayed. Finally, the combined core and panels are placed in a brazing furnace filled with nitrogen [2,34].



The holding temperature and time during the brazing process are key factors in the joint quality. Experimental results show that if the brazing time is too long many Al/Fe intermetallic compounds are produced in the joint. These brittle phases reduce the shear strength of the joint, and the mechanical properties of the AFS materials are affected [35,36]. Additionally, improving the solder’s wetting and diffusion behavior can effectively increase the bonding strength between the aluminum foam and the panels, achieving joints with high bending strength [37]. Based on the above discussion, an AFS prepared with zinc-based solders has shown good bending properties [34].



Metallurgical combination is generated when a suited solder is added during high-temperature brazing for fabricating an AFS. Simultaneously, some defects appear in the brazing joints if the brazing temperature is high. Oxide layers generated on the bonding surface under high temperature, coupled with the changed wettability because of a covered oxide layer, are the key factor. In general, reducing the oxidation of joints can improve brazing quality. Based on the above discussion, Wan et al. [38] adopted the slag-free brazing method to prepare an AFS. The experimental results show that the aluminum foam core and panel produce metallurgical bonding without stratification. Figure 5 shows the fabrication and interfacial characterization of the aluminum foam sandwich via fluxless soldering with surface abrasion [38]. Despite the welded AFS presenting good quality at the brazing joints [39], an incomplete melting of the solder layer and an overburning of both the panels and core material can easily occur during high-temperature brazing [36]. Despite this, the pore morphology of fabricated AFS is similar using this method to that fabricated using the adhesive method, as the core material preparation route is the same.



All in all, the temperature, time, solder, cleaning, and heating method are the main control parameters for brazing AFSs, and many scholars have devoted energy to improving bonding strength between the panel and the aluminum foam core. Due to the joint quality and low cost, the brazing method for AFS fabrication presents a potential industrial application. Brazing is widely used in industry and is suitable for welding components that are precise, complex, and composed of different materials, such as honeycomb structural plates, turbine blades, carbide cutting tools, and printed circuit boards.




2.2.2. Diffusion Welding


Diffusion welding is performed at a certain temperature and pressure, with atoms diffusing at the interface and forming a strong joint. A vacuum or a protective atmosphere is necessary. Microplastic deformation (solid-phase diffusion) or the micro-liquid of the welding surface (liquid-phase diffusion) promotes atomic diffusion. In preparing the AFS, atoms are diffused between the panel and the core to form metallurgical connections [40]. During the diffusion welding process, microplastic deformation occurs first at the interface under pressure, and, as a result, the contact area gradually expands. Atom interdiffusion at the expanded contact area forms a bonding area. With increased holding time, atomic diffusion gradually develops to the deep layer, generating intermetallic compounds and achieving reliable joints.



For preparing an AFS, transient liquid diffusion welding is more suitable compared with solid-phase diffusion, because the latter method requires high surface quality and a long holding time [41]. Experimental results have showed that the fatigue life of an AFS prepared by ultrasound-assisted liquid diffusion welding is much longer than that prepared by the adhesive bonding method [42]. Open-cell AFS has been successfully fabricated using the vibration-assisted liquid bonding method; shear tests showed that vibration could significantly improve the bonding quality [43]. Despite this, solid-phase diffusion welding for preparing an AFS has its advantages, such as good bonding strength and it does not melt metal [44].




2.2.3. Friction Stir Welding


Friction stir welding [45], regarded as a solid-state bonding technology, has been used widely in welding dissimilar materials [46]. A schematic diagram for preparing an AFS using friction stir welding is shown in Figure 6. During friction stir welding, the high-speed rotated stirring head is started, and then the cylindrical stirring needle is squeezed into the combined plates until the shaft shoulder contacts the panel [47]. Mechanical energy from the stirring needle transfers into the thermal energy of the material, and powders in the combined plate cause plastic rheology and mixing. Different from other methods, both the foaming process of the core and the combining of the panel and the core are implemented at the same time during friction stir welding [48].



Research has shown fabricated aluminum foam complex-shaped parts with a uniform porous structure when the weld spacing, speed, and rotational speed were 3 mm, 50 mm/min, and 2000 r/min [49], respectively. An AFS prepared by friction stir welding presented excellent bending strength, impact protection performance, sound absorption, and reduction performance [50]. Hangai [51] prepared an aluminum foam/dense steel composite by friction stir welding; the mixing of the foaming agent and aluminum powders and the bonding between the aluminum precursor and steel were achieved simultaneously. Although the precursors formed a brittle intermetallic compound layer at the interface after heat treatment, these intermetallic compounds had a higher strength than that of the aluminum foam core. There are two typical reasons for the high bending strength of an AFS prepared by friction stir welding [52]: (i) the connection between the panels and the aluminum foam core is achieved through the plasticized metal flow without introducing new materials and (ii) friction stir welding refines the grain of the panel, leading to an improvement in the panel.
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Figure 6. Schematic diagram of AFS preparation through friction stir welding [50]. Reprinted with permission from ref. [50]. Copyright 2022 Elsevier. 
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From the perspective of joining technology, friction stir welding can also be used for welding AFSs. A successfully prepared AFS using friction stir welding is shown in Figure 7. Due to high-speed rotation and movement of the stirring head, several small pores were generated at the core and panel mixing area [48]. For internal pore structures, the average thickness of the cell wall for the bonding areas was larger than that of the core material, and an obvious welding interface can be observed. Because of the random foaming, a few large inhomogeneous pores appeared after the agglomeration of foamable particles during the mixing process [53]. Welding marks can be observed on the outer surface of the panels.





2.3. Powder Metallurgy Method


The main raw materials for fabricating an AFS using the powder metallurgy method are aluminum alloy powders, TiH2 particles, and metal panels. Before the foaming process, aluminum powders and TiH2 particles are mixed, and then the mixture is compacted into a foamable precursor with bilateral metal panels. In general, the key factor for fabricating an AFS is the bonding strength between the core and the panels, as well as the densification of the foamable precursor. The densification of the powder is mainly achieved by pressing, rolling, and wrapping rolling. At the same time, cold pressing or hot pressing is used, or two other kinds of technology are used simultaneously for powder preparation. In general, hot pressing is the most widely used method, as the main bonding mechanism of an AFS prepared by powder metallurgy is thermal diffusion [54].



The preparation of an AFS using powder metallurgy is limited by the densification of the precursor and the quality of the internal pore structure, also this method has the disadvantages of a high preparation cost and a small product size. To overcome these disadvantages, scholars have prepared AFSs by changing the pressing method and carrying out a lot of research [4,8,13].



2.3.1. Cold- and Hot-Pressing Powder Metallurgy Method


The cold- and hot-pressing powder metallurgy method is a widely used method for fabricating an AFS. The main processes [55] include mixing powder, cold pressing, hot pressing, and foaming, as shown in Figure 8. Appropriately extending the mixing time can improve the uniformity of the achieved AFS. The purpose of cold pressing is to form a bulk material from powders to transfer it from one mold to another, because the molds for cold and hot pressing are sometimes different. Hot pressing is a critical process to achieve a dense precursor core and a good bonding strength between the precursor core and the panels. The adjustable parameters are pressure, time, and temperature. Foaming is the last step, in which the density and pore size of the core can be controlled by adjusting the foaming time and temperature. Additionally, this process improves the bonding strength between the precursor core and the panels.



Results have shown that Al, Mg, and TiH2 with a purity of 99.7%, 99.0%, and 99.0%, respectively, can be used to produce aluminum foams by powder metallurgy technology. About a 400% expansion phenomenon was observed when the hot-pressing temperature and pressure were 490 °C and 8 MPa, respectively [54]. An excellent bonding area between the core and the panels with a high metallurgical quality [54] was obtained in this case. Ding [56] introduced a new method for preparing foamable AFS precursors by hot pressing. An AlMg4Si8 alloy was formed by mixing Al, AlMg50, and Si powders, and then 0.5 wt% TiH2 was added for foaming. It was found that the suitable preparation conditions were cold pressing and then hot pressing at 450 °C [8,57]. A tight metallurgical bonding layer between the panels and the core was generated as atom mutual diffusion was promoted under high temperatures. For example, iron from a steel panel was diffused with aluminum through the interface and formed FeAl3 [1], and titanium panels formed intermetallic compounds of TiAl3 and Ti2Al5 [58]. From another perspective, plastic deformation caused by hot pressing can also reinforce the bonding strength [59].



To improve the internal pore structures, the foaming technology of powder metallurgy was exhausted and studied [60]. By investigating the evolution process and dynamic mechanism of foamed samples during the foaming expansion process, the foaming process was divided into three stages, as shown in Figure 9. Stage I was the pore-forming stage, with TiH2 particles decomposing, and the generated gas pressure gradually caused some small pores. Stage II was characterized by pore growth and pore coalescence. During Stage III, the sample expansion stopped and started to shrink. Hence, controlling the foaming stage is key for fabricating high-quality pore structures.



Figure 10a shows the final pore structure of foamable precursors obtained by an AFS under different pressures after foaming. Under different pressures, the pore structure after foaming is different due to the different densification degree of the core layer. As shown in Figure 10a, the precursor obtained at 50 MPa could not be fully foamed, and a large cavity was formed at 100 MPa [62]. Uniform foaming can be obtained at 200 and 300 MPa [62]. The microstructures of the precursor before and after foaming obtained by cold pressing and hot pressing is shown in Figure 10b,c, respectively. The precursor is dense before foaming, and a large number of uniform holes can be easily seen after foaming, but no foaming phenomenon occurs at the flange position [56,62]. In summary, an AFS prepared by cold-pressing and hot-pressing powder metallurgy methods has a clear internal structure, spherical and ellipsoid pores are found throughout the cross-section, and no apparent defects are detected at the bonding area. However, the density of the precursor and the homogeneity of the mixed powder influences the quality of the pores, leading to a large hole in the core. According to the characteristics of powder metallurgy technology, other metal powders are often added to improve pore structure quality. As shown in Figure 11, the composition of Sn, Cu, Mg, and Si powders can reinforce the mechanical properties by improving the pore size [63]. For example, the addition of Sn has a significant effect on reducing the pore size, and the addition of Cu can reduce the suitable foaming temperature. However, due to the limitation of pressure, manufacturing equipment, and complex production processes, the cold- and hot-pressing powder metallurgy method cannot meet the requirements of industrial large-scale production.




2.3.2. Rolling Powder Metallurgy Method


The densification process of this type of powder metallurgy method is rolling [64]; in this process, the panels and the mixed powders are compacted by extrusion and compound rolling to obtain a foamable precursor. Rolling is a continuous process, so the rolling powder metallurgy method is suitable for industrial production. To improve the densification of the precursor, the rolling process is usually implemented under high temperatures [65], and then the prepared precursor is heated in a furnace to an appropriate temperature for foaming. With the increased temperature, the precursor transforms to a semi-melting state, and the decomposition of TiH2 occurs at the same time; as a result, bubbles are generated. Simultaneously, atom diffusion occurs between the panel and the core, forming intermetallic compounds and achieving an ideal metallurgical bonding state.



Experimental results have verified that the rolling powder metallurgy method for preparing an AFS can obtain a higher densification of the core and present a better interface bonding strength [66] compared with the traditional hot-pressing method. Nevertheless, there are also some disadvantages in the rolling process. Flow and loss of core powder causes an uneven rolling force on samples, stress concentration is easily caused at the high-density area of the powder, and, as a result, cracks are generated. In addition, some micro-cavities can be observed in the low-density area. Large-sized TiH2 particles can cause some micro-cracks in the surrounding structure [67,68].



As shown in Figure 12, bubbles in the core layer are flat at the initial stage of foaming, and non-uniform pore structures appear in the later stage of foaming; meanwhile, rupture and coalescence are observed [69]. Adding 0.5−2.0 wt% of Mg into 1.0 wt% TiH2 particles and Al–Si alloy powder can effectively relieve crack and powder agglomeration during the foaming process, with an optimal rolling reduction rate of 60−70% [69].



The rolling powder metallurgy method can continuously realize the preparation of large-sized AFSs, the prepared precursor has high densification, and there is a high bonding strength between the panels and the core. The agglomeration of foaming agents can be effectively solved by controlling the foaming temperature, rolling pressure, foaming agent content, and powder mixing process.




2.3.3. Jacketing Rolling Powder Metallurgy Method


To solve the powder loss problem, the jacketing rolling powder metallurgy method was put forward based on the rolling powder metallurgy method; the specific process is shown in Figure 13. An AFS prepared using the jacketing rolling powder metallurgy method has the characteristics of good powder uniformity and high shape accuracy [70]. Jacketing rolling [71] can effectively improve the density of the precursor, and the powder utilization rate is close to 100%. Despite this, as shown in Figure 14, a thick dense aluminum layer appears on the vertical edge of the AFS after foaming. Compared with the traditional rolling powder metallurgy method, an AFS prepared using the jacketing rolling method has more uniform pore structures, and the cross-section of the AFS is dominated by small pores.



Experimental results have verified that an AFS prepared by the jacketing rolling method has excellent metallurgical bonding between the core and the panels and can withstand a higher bending load [73]. Song [74] successfully prepared an AFS sheet using air-atomized 99.0 wt% AlSi12 powders, 1.0 wt% Mg powder, and 1.0 wt% TiH2 powder as raw materials when employing the jacketing rolling method; the results illustrated that jacketing rolling can effectively prevent the crack propagation of the panel. Sun [72] studied the influence of the rolling temperature on the preparation of AFS precursors by the jacketing rolling method; the experimental results showed that precursors with excellent density and an excellent bonding interface were prepared at the rolling temperature of 400 °C. Wang [61] introduced a melting process of an AFS powder block based on the jacketing rolling method; the prepared AFS appeared to have an excellent cellular structure and excellent mechanical properties when the optimal reduction rate was 80%, the relative density was more than 0.98, and the material utilization rate was close to 70%.




2.3.4. Other Methods


Based on the powder metallurgy method, Kitazono [75] proposed a novel practical technique for fabricating closed-cell aluminum foam plates using cumulative roll welding (ARB). Hosseini [76] prepared an AFS using continuous annealing and roller compression (CAR). These two methods realized the preparation of the AFS and the main routes for ARB and CAR were roughly the same. As shown in Figure 15, the main processes are divided into two steps. Firstly, a stack of pretreated aluminum strips is prepared, then stacking strips and certain TiH2 particles are added between each of the two strips, after that the stacked strips are rolled together. The second step is a repeat loop to ensure the home dispersal of the TiH2 particles. The rolled strips are cut into two or several pieces and surface treatment is performed, then the treated strips are stacked together and rolled together again. After repeating this process for about the 8th cycle, a foamable precursor is prepared. The foaming process of the precursor is similar to other powder metallurgy methods.



Although ARB and CAR can be used for fabricating large-sized AFSs, the uniform dispersion of the foaming agent between each strip is a problem, leading to AFS samples having a deficient pore structure, such as large pores and extremely uneven pore distribution [75,76]. Adding 0.75 wt% SiC particles to the foamable precursor can reduce the size of the pores and the uniformity and roundness of the pore structure can also be improved; however, the smooth surface of the aluminum foam plate becomes degraded [76], as shown in Figure 16.





2.4. Melt Foaming Method


Melt foaming is the most widely used method for making bulk aluminum foams. By dispersing a TiH2 foaming agent into the thickened aluminum solution, aluminum foam is prepared by rotating the blades at high speed and combining aluminum foam with panels in different ways for a prepared AFS. On this basis, it is mainly divided into two routes. The first implants two panels into a foamable aluminum melt [12] or cures a foamable aluminum melt into a specific mold [78], and the TiH2 particles decompose and fill the space between the two panels, as shown in Figure 17a. The other route is hot pressing panels with a foamable precursor [1], called the two-step foaming method, using the melt foaming method, as shown in Figure 17b. Compared with the powder metallurgy and welding methods, the panels and the aluminum foam core of the AFS using the melt foaming method are joined by transient liquid diffusion. Little metallurgical bonding is formed in the bonding area, so this method can effectively solve the sample size problem. Different from the secondary processing of the powder metallurgy method, it is expected to realize the direct formation of an AFS and presents great potential for application in industrial production.



A melt-foaming-fabricated AFS showed a metallurgical bonding layer at the interface between the core and the panels, and the thickness of the bonding layer increased with an increased holding time. Ternary phase Al20CaTi2 and binary phase Al2Ti were detected in this bonding layer [12]. Regarding the two-step foaming method, a new slow-released foaming agent appeared to have excellent performance, as it presented a low loss rate in the early stage and a high foaming efficiency in the late stage [80]. The melt foaming method for fabricating an AFS has the characteristics of a short process, relatively uniform pore structures, sufficient bonding strength, and less limits in the specimen size. Therefore, a melt-foaming-fabricated AFS has great potential and will be competitive in the future.



All in all, the external panels greatly improve the bearing capacities of single aluminum foam, and the internal aluminum foam core has damping shock absorption, sound absorption, noise reduction, heat insulation, electromagnetic shielding, and other excellent performances [81,82,83]. Hence, AFS structures appear to have great potential in aerospace, marine and automobile transport, rail transport, and other fields, and the AFS structure is also one of the materials widely studied by many countries [84,85].





3. Aluminum-Foam-Filled Tube


An aluminum foam-filled tube (FFT) is fabricated by filling a thin-walled metal tube with multifunctional aluminum foam; just as in the preparation method of AFSs, the interface between the tube and the foam core appears in various fabricating routes. Because of the special composite structure of the FFT, filled aluminum foam prevents the inward buckling deformation of the metal tubes, leading to excellent load-bearing capacities. The dense metal tube makes up for the less porous core material and delays the rupture of the foam core. The interaction between the aluminum foam core and the metal tube not only solves the poor mechanical properties of the aluminum foam when used alone but also overcomes the problems of the poor non-axial bearing capacity of the thin-walled tube. According to the interface fabricating approach, the FFT preparation method is classified into ex situ and in situ preparation methods [7,86,87,88], as shown in Figure 18. The in situ preparation method is a method that synchronizes the foam-forming process with the combination of the core material and pipe wall. The aluminum foam and the thin-walled metal tube in the ex situ preparation method are prepared independently. Then, the aluminum foam and the metal thin-walled tube are cut according to the matching size. Finally, the combination of the aluminum foam core material and metal thin-walled tube is realized. The most widely used cross-sections of filled tubes are round and square [3,89,90,91]; also, some single-tubes, double-tubes, and multi-tubes are embedded with aluminum foam for fabricating the FFT, as shown in Figure 19.



3.1. Ex Situ Filling Method


Similar to the method described above for the adhesive preparation of AFSs, the preparation of the aluminum foam core and the thin-walled tube is carried out independently. Wire electrical discharge machining is the most widely used method for cutting the aluminum foam core. After necessary cleaning, the prepared aluminum foam core is assembled inside the tube, the internal surface of which is pretreated. To fill and improve the interface of the core and tube, thermal expansion bonding, mechanical bonding, and adhesive bonding methods are employed. Among these methods, mechanical bonding is the most direct and easiest fabricating method. The key factor is interference fitting between the core and tube. Using adhesive to fill the gap between the core and tube is similar to the preparation of an AFS.



To investigate the fabrication methods for FFTs, scholars have devoted time and energy to research. Experimental results have showed that the thermal expansion bonding method cannot compensate for the surface error of the core, and a weak connection between the tube and core occurs. Compared with adhesive bonding, mechanical bonding cannot overcome the stress and strain from micro-distortion [95]. Duarte [96] prepared FFTs using powder metallurgy foaming technology and found that the interface area between the metal tube and core had excellent joint quality when using fasteners. These prepared FFTs can be used under high temperatures or strong corrosion conditions. The jointing strength was verified to be improved compared with samples prepared by the direct filling method. However, the connection through fasteners not only increases the quality of the packed structure but also leads to stress concentration in the connection area, which is prone to local failure after loading.



Figure 20 shows some FFTs prepared using the ex situ approach, where the aluminum foam cores were fabricated using melt foaming technology and powder metallurgy foaming technology. From Figure 20a, the aluminum foam core of FFTs prepared using melt foaming technology appears to have a relatively uniform pore structure, and its shape is mostly round or oval [97]. However, in Figure 20b, the core prepared using powder metallurgy technology shows an uneven pore structure and irregular shape [98]. Additionally, obvious macroscopic gaps between the aluminum foam core and the metal tube were detected.



To sum up, different ex situ FFT preparation methods have advantages and disadvantages. The thermal expansion bonding process is simple and low cost. However, due to the unique cellular structure of the aluminum foam core, there is a large surface error in the bonding process, leading to a weak bonding strength between the aluminum foam core and the metal tube. Adhesive bonding can improve the bonding strength effectively, but the existence of adhesive prevents the FFT from being used in high temperatures and other harsh environments. Using mechanical bonding such as fasteners will increase the quality of the filled structure but cannot overcome the stresses and strains caused by micro-deformation. Brazing and other welding technology require excellent substrate surface cleanliness, and welding technology is unsuitable for mass-produced FFTs because of its slow forming speed and high cost.




3.2. In Situ Preparation Method


The in situ preparation method means that the aluminum foam core and the bonding interface between the foam core and the metal tube are prepared in the same process. Therefore, powder metallurgy technology is the most used route. The main in situ preparation methods include powder mixing, densification, foaming and filling, and cooling. In most cases, the foamable precursor is transferred into a metal tube and foaming is conducted at high temperature.



The difference between the friction stir welding powder metallurgy foaming method [97] and the traditional in situ foaming method is that metallurgical bonding is formed before foaming. Studies have showed that FFTs with an in situ fabricated AlSi12 foam core appear to have excellent energy absorption capacity and a durable boundary layer formed between the matrix core and the tube inner wall [99]. By comparing the in situ and ex situ FFT preparation methods, experimental results have confirmed that in situ FFTs have a more stable and controllable deformation and stronger energy absorption capacity [94,100]. Zare [101] mixed Al powder with 0.6 wt. % TiH2 particles and achieved the preparation of a FFT (using steel tube) using the in situ foaming method. The prepared FFTs appeared to have a fine pore structure and the energy absorption of the FFTs was higher than the sum of the steel tube and the aluminum foam. Strano [102] prepared in situ FFTs (square tube) and studied their damping stability and bending performance. The results showed that the damping properties of an FFT change (improve) with the number of cycles, while all other dynamic properties are nearly constant. Taherishargh [103] fabricated a new type of FFT through a highly reproducible and cost-effective in situ process and implemented quasi-static uniaxial compression tests on foam, empty tubes, and FFT samples. The experimental results showed that the thickness of the tube wall played a key role, the energy absorption capacity of both the hollow tubes and the FFT samples increased with an increased tube thickness, and the FFTs showed excellent improvement in their energy absorption capacity.



Figure 21 shows the cross-section morphologies of ex situ and in situ fabricated FFTs; the aluminum foam cores were fabricated using the powder metallurgy foaming method. A macroscopic gap can be seen between the core and the tube, especially in the ex situ fabricated FFT [87,103], as shown in Figure 21a,c.



In conclusion, the in situ foaming preparation method is designed to fill the metal tube by using the volume expansion of the foaming precursor. A high-temperature environment during the foaming process promotes the generation of the bonding area between the metal tube and the foam. Therefore, FFT specimens prepared by the in situ preparation method have improved mechanical properties.




3.3. Other Methods


To realize the continuous production of FFTs, Peng [104] put forward a new method for fabricating FFTs based on the traditional gas injection foaming method, as shown in Figure 22. Reverse extrusion and continuous casting process technology were employed in this method.



As a new composite structure, the FFT has potential excellent advancements in impact absorption. Therefore, the FFT has great application potential in automobile manufacturing, aerospace, and rail traffic industries, such as the electric car battery pack shell, door thresholds, the car A-pillar, aluminum-foam-filled wings, and the train collision protection box.





4. Metal Grid Structure Enhanced Aluminum Foam


Dense metal materials cover the outside of the AFS and FFT structures. These existing panels or tubes can protect the weak aluminum foam core from destruction, improving mechanical performance. To date, scholars have carried out many experimental analyses and simulation studies [105,106,107,108], which have played a critical role in the application of AFS and FFT structures in the industrial field. Despite this, owing to the external dense metal materials, the whole density of the AFS and the FFT can be significantly enhanced.



In order to give full play to the lightweight advancement of AFCSs and ensure the functional performance of porous structures, the fabrication of metal grid structure enhanced aluminum foam (MGS-AF) has been put forward [109].



An MGS-AF was successfully prepared using the melt foaming method, and the main processes are listed as follows (as shown in Figure 23) [109,110]: First, the MGS was prepared by bending and welding 2D metal mesh. Then, the prepared MGS was assembled inside a mold and preheated at 720 °C. Next, a foamable aluminum melt was prepared using the traditional melt foaming method. After that, the foamable melt was poured inside the mold, the mold was closed and preserved at 710 °C for 3 min. Finally, the mold was cooled by using the water spray method, and the MGS-AF was obtained by cutting.



The fabrication method of MGS-AF can be divided into internal and external enhancement approaches. Figure 24a shows a photograph of an internally enhanced MGS-AF, where the bright central area represents the stainless-steel wire of the MGS with a diameter of 0.9 mm. The gray and black areas surrounding the wire are the aluminum matrix and pore, respectively. The metal wires of the MGS embedded in the aluminum foam were wrapped by a layer of aluminum matrix with a thickness ranging from 80 to 120 μm. This cladding layer and the MGS wire were located at the junction of the three bubbles, named the plateau border. The bending experimental results showed that the failure mode of the MGS-AF changed from a single tensile failure to composite tensile and compression loss.



Formisano [9] discussed the preparation of an external stainless-steel-wire enhanced MGS-AF, as shown in Figure 25, where the aluminum foam was fabricated using the powder metallurgy method. Figure 24b shows the image of the externally enhanced MGS-AF. The metal mesh was distributed on both sides of the aluminum foam core, and the core layer was expanded and embedded inside each cell of the metal mesh during the foaming process. The results from the quasi-static three-point bending test showed that the MGS-AF had a beneficial effect on the mechanical properties compared with the original aluminum foam. Durante [111] also manufactured MGS-AF based on powder metallurgy method technology, and the bending load-bearing capacity was significantly improved.



A composite sandwich structure composed of a metal frame and aluminum foam can further improve impact protection. Therefore, MGS-AF has a unique advantage in the field of weapon manufacturing, such as detecting tank ammunition cover foreign currency, the body outer wall steel plate, and the airdrop box. It has multiple functions, such as being lightweight and shockproof and having waterproof performance and a long service life.




5. Advanced Pore Morphology Foam-Filled Composite Structure


The critical component of an advanced pore morphology (APM) foam-filled composite structure is the aluminum foam ball, which has a spherical appearance and many elliptic pore internal structures. The APM aluminum foam ball appears to have a highly repeatable geometric structure and can overcome the disadvantages of unpredictable mechanical properties caused by the random foaming process [88]. Different APM aluminum foams have similar mechanical properties, so random or regular arrangements can be carried out in the cavity formed by the dense metal to obtain an APM foam-filled composite structure (as shown in Figure 26) with specific performance. As discussed above, the stiffness and energy absorption capacity of the whole structure is improved. The APM foam filler is fabricated using the improved powder metallurgy method, with the finished filler appearing to have a porous internal structure with high porosity. Large-sized aluminum foam composite structures can be prepared by arranging these APM fillers. The primary preparation approach includes the following processes: Firstly, the mixed mixture is compacted into foamable tablets. Then, the tablets are preserved at high temperature to foam, rolling the prepared aluminum ball at the appropriate time. Finally, these APM foam fillers fill the tubes or some other hollow structures. Some adhesion agents are necessary to ensure the filling strength, as shown in Figure 27.



Duarte [114] prepared APM foam-filled tubes with polyamide by pouring APM foam balls coated with polyamide into empty aluminum alloy tubes. The compression results showed that polyamide-bonded technology significantly influenced the compression behavior of the APM foam-filled tube, and the specific energy absorption was substantially improved. Guo Qiayu [115] prepared aluminum–silicon alloy APM foam balls and fabricated APM sandwich composite structures by filling the hollow mold with these foam balls using epoxy coating adhesive and epoxy foam adhesive; the foaming and bonding mechanisms are analyzed here. Sulong [116] studied the mechanical properties of a single APM foam ball under quasi-static and dynamic compression loads; the experimental results showed that larger APM foam balls can bear higher compression loads. The mechanical strength of the APM foam ball was significantly improved because of the stressed-skin effect caused by its covered continuous skin.



The APM foam-filled composite structure, as a new type of filling material, has great application potential in many modern industrial fields. In addition to the applications requiring lightweight and high energy absorption and damping, it has gradually expanded to the application scenarios required by electromagnetic shielding, sound insulation, and noise reduction [89].




6. Summary and Prospects


The application of aluminum foam has become more extensive. From the perspective of development prospects, aluminum foam composite structures (AFCSs) have wider applications compared with single aluminum foam. However, some research has been limited in the laboratory scope. The preparation methods for AFCSs appear to have advantages and disadvantages. Therefore, future research should be focused on improving the AFCS preparation process, developing AFCSs’ potential properties, and promoting AFCS industrial applications.



	(1)

	
Most scholars have conducted additional research on the foaming mechanism and the improvement of the pore structure of traditional aluminum foam. For example, Banhart’s team conducted an in-depth study on the foaming mechanism of aluminum foam based on X-ray and tomography [117]. An’s team revealed the stabilizing agent of non-thickening foaming technology to produce aluminum foam with a uniform internal structure [118]. In AFCSs, the addition of solid plates and pipes greatly influences the pore structure during aluminum foaming. For example, the powder loss caused by the pressing and rolling processes, the influence of coated rolling on powder uniformity, and the obstruction of the metal tube wall to core layer foaming during the in situ preparation of FFTs have an impact on the pore morphology and pore size of aluminum foam. Further research is needed.




	(2)

	
Although the adhesive bonding method is simple, the bonding strength between the panels and the foam core is not strong enough. Adhesive aging limits the use of AFCSs in harsh conditions such as high temperatures. The surface modification of the panels and the foam core should be researched.




	(3)

	
It is difficult to control the porosity of AFCSs fabricated using the powder metallurgy method, and the size of the samples is limited by the mold and equipment used. However, the powder metallurgy method has great advantages for preparing special-shaped AFCS parts.




	(4)

	
The advantages of the melt foaming method have not been fully displayed, especially in fabricating large-sized and uniform pore structure AFCSs. The flowing, expanding, and filling properties of the foamable melt during the foaming process should be studied in depth.




	(5)

	
The industrial production method of AFCSs with the shape of a sandwich plate, block material, and filling tube should be focused on, and the application fields need to be expanded.




	(6)

	
The key to the AFCS preparation process is to realize the effective combination between the core material and the pipe, plate, metal mesh, or other structures and ensure the structural integrity of the aluminum foam core as far as possible during the combination process. Different methods of preparing AFCSs often have distinct advantages and disadvantages.







For AFSs and FFTs: (1) When the aluminum foam and the plate and pipe are prepared independently, other methods are usually needed to realize the connection between the aluminum foam and the plate and pipe. This method has the advantages of a simple operation and low cost. However, it is necessary to consider the influence of different technologies, such as the corrosion aging of adhesives, and fastener connection to increase the quality of the filling structure, e.g., brazing requires higher surface cleanliness. (2) When the aluminum foam forming process is synchronized with the combination of the plate and pipe, AFCSs prepared by such a method often have a strong binding strength. However, due to the simultaneous completion of foaming and bonding, the influence of the sheet and pipe on the pore structure of the aluminum foam molding cannot be avoided.



For MGS-AF: Because of the different insertion modes of the metal mesh, there are specific differences in appearance. However, the advantages of lightweight AFCSs are given full play, and prepared MGS-AF has a perfect pore structure.



For APM foam-filled composite structures: The binding of this usually requires the presence of an adhesive. Therefore, the adhesive aging and high-temperature resistance are its most significant shortcomings. However, this method has high repeatability, is a simple process, and is low cost.



The technical methods for preparing AFCSs and the more detailed advantages and disadvantages of each method are shown in Table 1.
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Figure 1. AFSs prepared by different panel materials: (a) aluminum, reprinted with permission from ref. [13]. Copyright 2022 Elsevier, (b) steel, reprinted with permission from ref. [14]. Copyright 2022 Elsevier, (c) epoxy resin, reprinted with permission from ref. [15]. Copyright 2022 Springer Nature, and (d) carbon fiber, reprinted with permission from ref. [16]. Copyright 2022 John Wiley and Sons. 
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Figure 2. Sample bonding diagram: (a) adhesive assembly drawing [23] and (b) adhesive detail diagram [24]. Reprinted with permission from ref. [23,24]. Copyright 2022 Elsevier. 
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Figure 3. Appearances of aluminum foam cores with various relative densities [25]: (a) 0.11, (b) 0.16, and (c) 0.20. Reprinted with permission from ref. [25]. Copyright 2022 Elsevier. 
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Figure 4. Cross-section of an AFS prepared using the adhesive bonding method [26]. Reprinted with permission from ref. [26]. Copyright 2022 Elsevier. 
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Figure 5. Process of fluxless soldering with surface abrasion assisted by different vibration modes [38]: (a) molten solder coated on aluminum foam, (b) molten solder coated on Al plate, (c) Al plate covered on aluminum foam, (d) mechanical vibration, and (e) ultrasonic vibration. Reprinted with permission from ref. [38]. Copyright 2022 Elsevier. 
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Figure 7. (a) Cross-section of a friction-stir-welded AFS [48] and (b) metal panel of the FSW work piece [53]. Reprinted with permission from ref. [48,53]. Copyright 2022 Elsevier. 
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Figure 8. Schematic diagram of fabricating an AFS using the cold- and hot-pressing powder metallurgy method [54]. Reprinted with permission from ref. [54]. Copyright 2022 Elsevier. 
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Figure 9. Expansion and temperature curves vs. foaming time of an AFS [61]. Reprinted with permission from ref. [61]. Copyright 2022 Elsevier. 
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Figure 10. Macroscopic morphology of an AFS [62]. (a) The final cellular structures of an AFS after foaming durations of 600 s at 640 °C of which foamable precursors were obtained under different pressures, (b) microstructure of the precursor obtained by cold prepressing and hot pressing under a pressure of 200 MPa, and (c) the cellular structure of the precursor after foaming. Reprinted with permission from ref. [62]. Copyright 2022 Elsevier. 
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Figure 11. Final pore structures of three different alloys after foaming at various temperatures [63]. Reprinted with permission from ref. [63]. Copyright 2022 Elsevier. 






Figure 11. Final pore structures of three different alloys after foaming at various temperatures [63]. Reprinted with permission from ref. [63]. Copyright 2022 Elsevier.



[image: Metals 12 02047 g011]







[image: Metals 12 02047 g012 550] 





Figure 12. Macro morphology of foamed samples at different foaming stages: (a) the initial stage and (b) the later stage [69]. Reprinted with permission from ref. [69]. Copyright 2022 Springer Nature. 
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Figure 13. Preparation processes for fabricating an AFS using the jacketing rolling powder metallurgy method [72]. Reprinted with permission from ref. [72]. Copyright 2022 MDPI. 
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Figure 14. Macro morphology of AFS samples prepared by the jacketing rolling method, with rolling temperatures of (a) 20 °C, (b) 250 °C, and (c) 400 °C [72]. Reprinted with permission from ref. [72]. Copyright 2022 MDPI. 
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Figure 15. Schematic illustration for fabricating a foamable precursor via the CAR method [77]. Reprinted with permission from ref. [77]. Copyright 2022 Elsevier. 
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Figure 16. Macroscopic structures of an aluminum foam plate [76] (a) without and (b) with SiC particles. Reprinted with permission from ref. [76]. Copyright 2022 Elsevier. 
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Figure 17. Schematic diagram of a melt-foaming-fabricated AFS, (a) pouring method 1 and (b) two-step foaming method. [1,79]. Reprinted with permission from ref. [1,79]. Copyright 2022 Elsevier. 
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Figure 18. Schematic illustration of the FFT fabrication of (a) ex situ and (b) in situ foam filling [86]. Reprinted with permission from ref. [86]. Copyright 2022 Elsevier. 
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Figure 19. Some prepared FFTs: (a) aluminum-foam-filled circular tubes [92], (b) square-packed multi-tube designs [93], and (c) aluminum-foam-filled inlaid tubes [94]. Reprinted with permission from ref. [92,93,94]. Copyright 2022 Elsevier. 






Figure 19. Some prepared FFTs: (a) aluminum-foam-filled circular tubes [92], (b) square-packed multi-tube designs [93], and (c) aluminum-foam-filled inlaid tubes [94]. Reprinted with permission from ref. [92,93,94]. Copyright 2022 Elsevier.



[image: Metals 12 02047 g019]







[image: Metals 12 02047 g020 550] 





Figure 20. FFTs prepared using the ex situ approach: (a) melt foaming technology [97] and (b) powder metallurgy technology [98]. Reprinted with permission from ref. [97,98]. Copyright 2022 Elsevier. 
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Figure 21. Sectional and transversal view of (a,c) ex situ and (b,d) in situ FFTs [87,103]. Reprinted with permission from ref. [87,103]. Copyright 2022 Elsevier. 
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Figure 22. Schematic diagram of bottom blowing and back extrusion composite preparation process [104]. Reprinted with permission from ref. [104]. Copyright 2022 Journal of Yanshan University. 
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Figure 23. Schematic diagram of MGS-AF preparation based on the melt foaming method [109]. Reprinted with permission from ref. [109]. Copyright 2022 Elsevier. 
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Figure 24. MGS-AF samples fabricated using (a) internal [110] Reprinted with permission from ref. [110]. Copyright 2022 Materials and Manufacturing Processes. and (b) external [9] enhancement approaches. Reprinted with permission from ref. [9]. Copyright 2022 Springer Nature. 
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Figure 25. Schematic diagram of preparing an externally enhanced MGS-AF based on the powder metallurgy method [9]. Reprinted with permission from ref. [9]. Copyright 2022 Springer Nature. 
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Figure 26. APM composite structures: (a) aluminum foam ball filler, (b) APM sandwich composite structure [112], Reprinted with permission from ref. [112]. Copyright 2022 Elsevier. (c) APM composite foam, and (d) APM foam-filled composite structure [113]. Reprinted with permission from ref. [113]. Copyright 2022 Elsevier. 
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Figure 27. (a) Thin-walled tube; (b) APM foam filler; (c) non-bonded APM foam-filled tubes; (d) polyamide-bonded APM foam-filled tubes [114]. Reprinted with permission from ref. [114]. Copyright 2022 Elsevier. 
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Table 1. Preparation processes and the advantages and disadvantages of the sample under each preparation process.
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Preparation Methods

	
Advantages

	
Disadvantages

	
Reference






	
AFS

	
Adhesive bonding

	
Simple in process, high efficiency, and low cost.

	
Adhesive ages easily, corrodes easily, and does not survive high temperatures, as well as low bonding strength of prepared samples.

	
[17,18,21,22,26,27,28]




	
Brazing

	
Welded AFSs present good appearance quality at brazing joints, and low cost.

	
Brazed joint is prone to defects, incomplete melting of the solder layer, and easy to overburn both the panels and core material.

	
[36,39]




	
Diffusion welding

	
Good bonding strength and without melting metal.

	
Requires a high surface quality.

	
[41,43,44]




	
Friction stir welding

	
Without introducing new materials, good bonding strength, refines grain of panel, and improves panel.

	
Surface of welded AFS is not smooth, and core layer is prone to large pores.

	
[48,51,52,53]




	
Cold- and hot-pressing powder metallurgy

	
AFSs prepared by this method form a tight metallurgical bonding layer with good bonding.

	
Preparation conditions are limited and cannot meet the requirements of industrial scale production, AFS core layer is prone to large pores, and process is complex.

	
[54,57,61,62]




	
Rolling powder metallurgy

	
Can obtain higher densification of core and present better interface bonding strength, and large-sized AFSs can be prepared.

	
Flow and loss of core powder, and micro-cavities can be observed in the low-density area.

	
[65,66,67,68,69]




	
Jacketing rolling powder metallurgy method

	
AFSs prepared have characteristics of good powder uniformity and high shape accuracy, density of the precursor is improved, and core powder loss is prevented.

	
Process requires high precision and complex preparation.

	
[70,71,74]




	
ARB and CAR

	
Can be used for fabricating large-sized AFSs.

	
Large pores and extremely uneven pore distribution, and smooth surface of aluminum foam plate is degraded.

	
[75,76,77]




	
Melt foaming

	
AFSs have characteristics of a short process, relatively uniform pore structures, and less limits in specimen size.

	
Acceptable bonding strength.

	
[12,79,80]




	
FFT

	
Ex situ filling

	
Thermal expansion bonding process is simple and low cost, and bonding strength is effectively improved if adhesive bonding is employed.

	
Surface error is large, and existence of adhesive keeps FFT from being used in high temperatures and other harsh environments.

	
[95,96]




	
In situ preparation

	
Avoids secondary molding of FFTs, metallurgical bond is formed between panel and core layer, highly reproducible, and cost-effective.

	
Pore forming is random and uncontrollable.

	
[86,94,99,100,103]




	
MGS-AF

	
Internal method

	
Full play to lightweight advancement of AFCSs, and prepared MGS-AF has perfect pore structure.

	
Process requires two-step preparation, and process is complex.

	
[109,110]




	
External enhancement method

	
Full play to lightweight advancement of AFCSs.

	
[2,111]




	
APM foam-filled composite structure

	
Adhesive bonding

	
Highly repeatable, simple process, and low cost.

	
Adhesive ages easily, corrodes easily, and does not survive high temperatures.

	
[112,113,114,115,116]
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