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Abstract

:

5A06 aluminum alloy bar was brazed by temperature gradient transient liquid phase diffusion welding (TG-TLP). The effects of brazing temperature on the microstructure and the tensile strength of the brazing joints were investigated. Three typical brazing filler alloys (1# Al-20Cu-6Si-2Ni, 2# Al-10Cu-10Si-3Mg-1Ga, and 3# Al-6Cu-10Si-2Mg-10Zn) were prepared by smelting, and TG-TLP diffusion bonding was carried out at different brazing temperatures (550 °C~590 °C). The results show that with the increase in brazing temperature, the oxide films at the brazing junction are easier to be broken and dispersed, but the oxidation extent will also increase. The oxidation products enriched were mainly Al2O3 and SiO2 at the brazing junction. There are different optimal brazing temperatures corresponding to the different filler alloys. For 1#, the optimal temperature is 570 °C; for 2# is 580 °C; for 3# is 580 °C. For 1# brazing joints, the maximum tensile strength was 113 MPa, and for 2# was 122.4 MPa. Under the experimental conditions of this study, the maximum tensile strength of the TG-TLP joint is 147.4 MPa of 3# brazing sample (at 580 °C), which has increased by 30% and 20% compared to 1# and 2# respectively. The nickel-rich phase at the interface (of 1# brazing filler) could form a brittle fracture, which was unfavorable for interface bonding. For TG-TLP brazing of 5A06, the filler alloy with high Al:Cu ratio (12:1 wt.%) needs a sufficient temperature gradient to exert the film-breaking effect, while the filler alloy with low Al:Cu ratio (3.6:1 wt.%) needs to accurately control its brazing temperature to avoid excessive oxidation. There are many research gaps in the influence of brazing material composition and brazing temperature on the microstructure and mechanical properties of 5A06 aluminum alloy TG-TLP joints. The research results can provide a theoretical basis for formulating the TG-TLP brazing specification of 5A06 aluminum alloy.
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1. Introduction


The 5A06 aluminum alloy is a type of non-heat-treatment Al-Mg alloy with high specific strength, excellent corrosion resistance, and good weldability. It is widely used in aerospace, shipbuilding, pressure vessel, and other fields, especially in alloy conduit components [1]. It’s important to note that aluminum alloy conduits and bar materials play a critical role in spacecraft manufacturing, including carrier rockets, manned spacecraft, and space stations. The connection of these materials is crucial for ensuring the safe operation of spacecraft [2,3,4]. However, the current method of manufacturing these conduits, tungsten argon arc welding (TIG), could have defects such as pores, unstable quality, and low qualified rate [5]. This presents a challenge for spacecraft manufacturing enterprises to find efficient and reliable ways to connect aluminum alloy conduits.



The principle of transient liquid phase diffusion welding (TLP) is to achieve welding by placing a special composition interlayer between the work pieces to be welded, heating it above the melting temperature of the middle layer, while applying a certain pressure, and holding it for a certain time after this interlayer melts, so that the elements between it and the base material diffuse sufficiently to allow isothermal solidification to occur and finally achieve welding [6,7,8]. For the brazing of dissimilar materials, the interfacial compound phase (oxide or intermetallic compound) of the joint is the key factor affecting the strength [9,10]. TLP pipe welding process is an advanced welding method with high efficiency, high quality and low distortion [11]. However, due to the strong oxidation of aluminum alloy in the atmospheric environment, a layer of stable oxide film will form on the entire surface in 1.7 × 10–8 S. The oxide layer is difficult to remove in the process of the TLP diffusion welding, which is the main reason to hinder the application of the TLP welding process in aluminum alloy connection [12].



Aluminum alloy TLP bonding in a vacuum environment is effective in reducing joint oxide generation, but its practical application is limited by the vacuum equipment and workpiece size. The study of non-vacuum TLP connections for aluminum alloys is of great importance for practical production. There are two main solutions to the problem of non-vacuum TLP bonding oxide film on aluminum alloys. One is ultrasonic assisted welding, using ultrasonic vibration to break the oxide film on the surface of aluminum alloy. Guo [13] performed ultrasound-assisted TLP bonding on 7034 high-strength aluminum alloy and found that the oxide film could be effectively broken by ultrasonic vibration, which also had a facilitating effect on element diffusion and shortened isothermal solidification time. Similarly, Qiang [14] used ultrasound assistance to achieve high-strength TLP bonding of 6061 aluminum alloy in air. However, the introduction of ultrasonic equipment makes the welding process complex and the operation more cumbersome. Another method is the temperature gradient TLP diffusion welding (TG-TLP) proposed by Assadi [15], whose principle is to apply a temperature gradient in the transverse direction of the joint, which can transform the weld interface from a flat interface in conventional TLP to a sinusoidal, honeycomb or even dendritic interface. Jabbareh [16] investigated the formation of wavy bond lines in TLP bonding using a multigrain phase field model, and the results showed that unidirectional interfacial migration can be achieved at temperature gradients. According to the welding theory, the temperature gradient TLP connection can not only break the oxide film on the surface of the base metal, but also increase the contact with the base metal due to the extension of the sinusoidal or cellular interface, which is conducive to the improvement of the strength of the brazing joint. At present, the research on TG-TLP brazing of 5A06 and other series aluminum alloys was still relatively limited, and the actual effect of interface film-breaking theory needs to be further verified.



As there was no TLP welding specification for 5A06 aluminum alloy, the selection of filler metal composition refers to the existing research in this study. Al-Cu-Si-Ni [17] is one of the typical brazing filler metal systems applied to the aluminum alloys, belonging to the Al-Cu-Si system. Cu and Si are used as melting point depressants (MPD) [18]. Ni is used to replace the part of Cu to reduce the formation of Al2Cu brittle intermetallic compounds while maintaining good mechanical properties and corrosion resistance of the joint. The other filler metal system is Al-Cu-Si-Mg(-Ga) [19,20]. On the basis of adding Mg as the film-breaking element, an appropriate amount of Ga is added to assist [21]. In addition, there is an Al-Cu-Si-Mg-Zn system [22,23]. Si exists as the main reducing melting element, and its content is selected to be near the Al-Si eutectic point. Mg can reduce Al2O3 to break the oxide film [24]. Excessive Mg and Si can form brittle-phase Mg2Si, so its content needs to be controlled. The element of Zn has a high solubility in Al, and its diffusion speed is fast. At the same time, the melting point of Zn is low, which is beneficial to reduce the liquidus temperature of the intermediate layer.



There is a demand for the application of 5A06 material and its connectors in spacecraft pipelines, but considerable research gaps exist in the corresponding TG-TLP welding process and the brazing filler alloy design. The microstructure, phase distribution, as well as the effect of the TLP method on the interfacial oxide layer of the TG-TLP aluminum alloy welded joints, are also the focus of this study, which lacks reference. In this study, the TG-TLP welding of 5A06 aluminum alloy was carried out according to the existing brazing process and the typical filler alloy composition. The effect of brazing temperature (temperature gradient) on the properties of non-vacuum TG-TLP diffusion brazing joints was studied, and the mechanism of oxide film-breaking was explored.




2. Materials and Methods


The base metal for TLP welding is a 5A06 aluminum alloy bar (MELAL Metal Materials Co., Ltd., Suzhou, China), with a diameter of 20 mm and a length of 180 mm. 5A06 is Al-Mg anti-rust aluminum, and its elemental composition is shown in Table 1. Al-Cu-Si alloy was selected as the brazing filler metal (or interlayer layer metal) with a thickness of 0.2 mm. In this study, considering the effects of various elements, three kinds of interlayer components were designed and prepared: 1# Al-20Cu-6Si-2Ni, 2# Al-10Cu-10Si-3Mg-1Ga, and 3# Al-6Cu-10Si-2Mg-10Zn. Microwave heating furnace (Microwave Muffle Furnace, SWX, MOBILELAB-T, Tangshan, China) was selected for smelting equipment. As shown in Figure 1, the initial as-cast brazing filler alloy was a bar, and finally it was wire cut into a slice with the dimension of Φ 22 mm × 0.1 mm. Before brazing, the samples were pretreated by combining with the physical removal of the oxide film and the chemical cleaning: after grinding with a wire brush, the sample was put into 100 g/L NaOH aqueous solution, washed with alkali at 40–60 °C for 1–3 min, and then put into 15% HNO3. Wash the material again with absolute ethanol to remove impurities in an aqueous solution.



The brazing equipment used was the high-frequency induction heating device (SP-45AB, Shuangping Power Technology, Shenzhen, China). The maximum input power is 45 kW, and the oscillation frequency is 30–80 kHz. The brazing fixture was self-designed, and its structure and components are detailed in Figure 2. Before brazing, the two base metal bars were clamped on both sides of the fixture and the brazing filler alloy was placed between them. The axial load was applied through the cylinder push rod. The brazing area was adjusted into the induction coil by moving the guide rail. During the brazing, water-cooled copper rings were used to cool the base metal and realize the temperature gradient (TG). Ar gas was used for local protection during the brazing process.



Corresponding to the 1#, 2#, and 3# brazing filler alloys, the liquidus temperatures are 541.32, 550.00, and 561.66 °C, respectively (by the theoretical calculation used JMatPro V7.0 software). The choice of brazing parameters is the key to obtaining high-quality welded joints. The liquid phase line temperatures of the three brazing filler materials used in this paper were in the range of 540 °C to 560 °C. To ensure that the interlayer is fully melted during the brazing process, the joint temperatures were set to be 10 °C higher than the liquid phase line. To avoid the joint softening caused by excessive brazing temperature, the upper temperature limit was set to 30 °C above the liquid phase line. At the same time, the brazing temperature is the main factor affecting the diffusion of elements, the higher the temperature, the faster the diffusion of elements, which is conducive to isothermal solidification and homogenization of the composition of the brazing process. However, too high a temperature has a negative impact on the properties of the base material and can lead to the phenomenon of localized coarsening of the base material under pressure. The TLP joint holding time should be selected to ensure sufficient time to complete isothermal solidification of the joint tissue so that the local brittle eutectic phase does not degrade the joint performance. Wang et al. [25] showed that when the holding time of 30 min can be obtained when the performance of welded joints. In addition, the lower pressure ensures the quality of the weld while promoting the diffusion of the elements. The number and the brazing parameters of the series of samples are shown in Table 2. Brazing temperature was 550~590 °C; the holding time was 30 min; the applied load was 0.1 MPa; the distance between the water-cooled copper rings and the weld joint was 40 mm. The tensile specimens were prepared by an electric spark-cutting machine. Figure 3 shows the sampling location and the size of the specimen which referenced the standard of CNHB-5145-1996. A universal tensile testing machine (WDW-100, Yanrui Test Instrument, Jinan, China) was used for the tensile strength test, with a maximum tensile force of 100 kN and a tensile speed of 0.5 mm/min. 3 samples were used for each group of tensile strength results and the average was taken. The microstructures of the welded joints were observed by the scanning electron microscope (SEM, Phenom XL, Phenom, Eindhoven, The Netherlands). The material composition analysis was carried out by the energy dispersive spectroscopy detector (EDS, FAST SDD, Ametek, Brooklyn Park, MN, USA) attached to the electron microscope.




3. Results and Discussion


3.1. Effect of BrazingTtemperature on the Microstructures of TG-TLP Joints


Figure 4a–c shows the SEM microstructures of the brazing joints of Al-6Cu-10Si-2Mg-10Zn (1#) brazing filler alloy at different brazing temperatures (550~570 °C). With the increase of the brazing temperature, the phase transformation of the filler metal occurs at the weld joint. According to Figure 4a, under the brazing temperature of 550 °C, the phases of weld joints is “α-Al + flocculent mixed phase”, in which the mixed phase is composed of Ni-rich Al2Cu + Al-Cu-Mg + SiO2. Al2Cu and SiO2 were confirmed by EDS. Due to the low content of Al-Cu-Mg, the XRD (X-Ray Diffraction) results did not distinguish the peaks of this phase. Based on the EDS results, morphology observation results in Figure 5, and the references [26,27,28], it is determined that its possible phase was AlCuMg eutectic. As shown in Figure 4b, under 560 °C, the flocculent mixed phase gradually disappeared, and Al2Cu became the main secondary phase (with a small amount of Al-Cu-Mg). With the increase of the temperature, the internal diffusion of the alloy was strengthened, and the Al2Cu phase is also precipitated in the base metal. As shown in Figure 4c, when the brazing temperature increased to 570 °C, the phase composition is the same as that at 560 °C (α-Al main phase + Al2Cu second phase). At 570 °C, the grain size in the weld joint was significantly larger than that at other temperatures. The content of oxides (as Figure 6 for composition analysis) also has a marked increase, especially at the weld junction.



Compared with Figure 4a–c, the weld junction was more obvious at the brazing temperature of 550 °C and 570 °C, while the weld junctions partially disappeared at the brazing temperature of 560 °C. The darker areas (or lines) of the weld junctions corresponded to the higher oxygen contents, that is, there were thin films formed by oxides enrichment. At the lower brazing temperature (550 °C), there were fewer oxides formed, but the driving force of film (oxide film) breaking corresponding to TG-TLP welding theory was insufficient; At the higher brazing temperature (570 °C), the driving force of film-breaking increased, but the oxides also increased. Both of the above conditions were not conducive to the reduction of oxide films. It could be seen from the most obvious film-breaking effect at 560 °C that an appropriate brazing temperature was needed to obtain a reasonable temperature gradient, to balance the film-breaking effect and the oxide formation.



Figure 5a–g shows the typical phase composition and the element mapping analysis results of the flocculent mixed phase (in Figure 4a). As shown in Figure 5a, for Al-20Cu-6Si-2Ni brazing filler alloy, the alloy phase at the brazing joint included the main phase α-Al, the Al-Cu-Mg, the Al2Cu, and the SiO2. Al-Cu-Mg was reticulated and distributed at the grain boundary; Al2Cu and SiO2 were distributed in the α-Al which is near the grain boundary. As shown in Figure 5e, the Ni element of the brazing filler was mainly enriched in the Al2Cu phase. Mg element formed segregation in some of the SiO2 phases.



Figure 6a shows the typical oxide (film) distribution at the weld junction. It can be observed from the mapping analysis of the O element (Figure 6b) that the oxide film at the weld junction had been broken. With the increase in the brazing temperature, oxidation intensified, and the thickness of the oxidation film would also increase. Figure 6c shows the morphology and composition of the oxide film with local magnification. The oxide film is mainly composed of Al2O3, SiO2, and oxides containing Al, Cu, and Mg elements (possible eutectic oxides). According to the element quantitative analysis results in Figure 6d, the oxygen content in the oxide film area had reached 18 wt.%. In this study, for 1# brazing filler, under TG-TLP welding mode, the film-breaking effect with 560 °C brazing temperature is the best.



Figure 7a–c shows the SEM microstructures of the brazing joints of Al-10Cu-10Si-3Mg-1Ga (2#) brazing filler alloy at different brazing temperatures (560~580 °C). With the change in the brazing temperature, there was an obvious phase transformation at the weld joint. According to Figure 7a, under the brazing temperature of 560 °C, the phases of weld joints are the α-Al main phase and the Al-Cu-Mg. At this brazing temperature, the oxidation at the weld joint was relatively serious, and the SiO2 phase (confirmed by EDS) was enriched here. As shown in Figure 7b, as the brazing temperature rose to 570 °C, the Al-Cu-Mg phase disappeared and the second phase at the brazing joint changed to Al2Cu. The oxides including SiO2 at the weld junction were reduced. Unlike 1# brazing filler, 2# brazing filler had higher oxide contents at the lower temperature. This phenomenon was still related to the combined effect between the oxide film-breaking mechanism of TG-TLP and the high-temperature oxidation. Because the 2# brazing filler with higher Al content (lower Cu content) was easier to oxidize at all brazing temperatures and could produce more oxides (mainly Al2O3) at lower temperatures (560 °C). When the temperature rose to a certain degree, the film-breaking and wetting cleaning mechanism of TG-TLP could play its role and reduce the oxidation products to a certain extent. As shown in Figure 7c, the SEM observation results at 580 °C were consistent with this rule, and the oxide films were obviously broken. Due to the further increase in the temperature, the Al2Cu phase basically disappeared, and the brazing joint microstructure was a uniform α-Al phase, which was beneficial to the improvement of the weld joint strength. It can be predicted that the oxides will still increase when the brazing temperature continues to rise. For 2# brazing filler, under TG-TLP welding mode, the film-breaking effect with 580 °C brazing temperature is the best.



Figure 8a–c shows the SEM microstructures of the brazing joints of Al-6Cu-10Si-2Mg-10Zn (3#) brazing filler alloy at different brazing temperatures (570~590 °C). The phase composition under three conditions was similar: α-Al + Al-Mg-Si + SiO2. As shown in Figure 8a, when the brazing temperature was 570 °C, the weld junction with oxide film was relatively complete, and the film-breaking effect was not obvious. As shown in Figure 8b, when the brazing temperature rose to 580 °C, the oxide film was damaged obviously. But at the same time, oxidation intensified and a large number of oxides are produced. For 3# brazing filler, the film-breaking effect with 590 °C brazing temperature is the best. To sum up, there is a corresponding optimal film-breaking temperature for different components of brazing filler. The oxidation will also intensify with the increase of the interfacial temperature gradient, and the balance between the two corresponds to the optimal brazing temperature.



The microstructure evolution process in Figure 8 also verified the TG-TLP welding mechanism. As shown in Figure 9, in the typical TG-TLP brazing process, the change of the temperature gradient of the liquid phase caused the migration of the solid/liquid interfaces. This interface migration was a one-way movement from the cooler side to the hotter side of the brazing joint. In this process, due to the stable consumption of solute, the liquid phase had shrunk and finally cured. The morphology of solid/liquid interface formed by isothermal solidification under eutectic liquid phase was unstable, so it presented the serrated or the wavy shape. The weld junction (or fusion line) would change from two (Figure 8a) to one (Figure 8c).




3.2. Effect of Brazing Temperature on the Tensile Properties of TG-TLP Joints


Figure 10 shows the tensile strength test results of the series of brazing joints. The corresponding tensile curves (stress-strain) of the typical samples are shown in Figure 11a, and the comparison of the tensile curves between the joints and the base metal is illustrated in Figure 11b. For 1# brazing joints, the maximum tensile strength was 113 MPa (sample 1-3) when the brazing temperature was 570 °C, and the tensile strengths under the different brazing temperatures are relatively close. For 2# brazing joints, the maximum tensile strength was 122.4 MPa (sample 2-3) when the brazing temperature was 580 °C, and the tensile strength gradually increased with the increase of brazing temperature. For 3# brazing joints, the maximum tensile strength was 147.4 MPa (sample 3-2)when the brazing temperature was 580 °C. The overall tensile strength of the brazing joint with 3# solder is relatively high. Its optimum tensile strength is 30% higher than 1# solder and 20% higher than 2# solder. The mapping quantitative detection results of oxygen element were listed in Figure 10 (the test area corresponded to Figure 4, Figure 7, and Figure 8 respectively, with the same magnification of 1000 times). Due to the imprecise determination of oxygen contents of EDS, the comparison here is only used as a judgment and reference for the overall trend of change in oxidation extent. With the increase of Al content in the filler metal (ratio of Al:Cu increased), the oxygen content in the brazing joint also showed an increasing trend. Comparing the tensile strength with the oxygen content, it can be seen that sample 2-1 with the most severe oxidation corresponds to the lowest tensile strength. Obviously, the increase of brittle oxides is not conducive to the improvement of tensile strength. For 1# and 2# samples, there is a trend that lower oxygen contents lead to higher tensile strength. For the 3# sample, although the oxygen contents (brittle oxides) increased, the oxide film had been dispersed, which had no obvious negative effect. The tensile strength is dominated by the oxide dispersion strengthening effect and the increase of material strength caused by the increase of Al:Cu ratio. Although the mapping observation area had some randomness, some laws can still be summarized. For TG-TLP brazing of 5A06, selecting the filler alloy with larger Al:Cu ratio (such as 78Al-6Cu) can obtain higher brazing joint strength, but a sufficient temperature gradient is required to exert the film-breaking effect. For the filler alloy with lower Al:Cu ratio (such as 72Al-20Cu), it is necessary to accurately control its melting point (brazing temperature) to obtain higher brazing joint strength.



Figure 12 shows the morphology of the typical tensile fractures. As shown in Figure 12a–d, the series of fracture surfaces presented ductile fracture. As Figure 12a, there was a brittle fracture in the local area, corresponding to the Ni-rich phase (EDS mapping analysis results were shown in the illustration). Such types of brittle phases (Ti2Ni, Ni3Ti, AlNbTi2, etc) would result in the formation of welding cracks in the joint, and deteriorate the mechanical properties of joints [29,30,31]. This indicates that the Ni-enriched region is unfavorable for interfacial toughness when using Ni-containing solder. As Figure 12b, corresponds to the specimen with the lowest tensile strength, the obvious zones with a lack of bonding could be observed at the fracture surface. A large amount of Mg oxides were also distributed at the fracture (EDS analysis result was shown in the illustration). These significantly reduced the strength of TLP joints. As shown in Figure 12c,d, for the samples with relatively high tensile strength, a large number of equiaxial dimples could be observed at the fracture surface. To sum up, increasing the solder interfacial wettability and reducing the oxide contents at the phase interface were still the key to improving the interfacial bonding strength.



In this study, the highest joint strength of the samples only accounts for 52.6% of the base metal strength (280 MPa). Relevant research has conducted TLP welding on Mg-3Al-1Zn magnesium alloy, with a joint shear strength of 76.1 MPa, which could reach 92.4% of the base metal strength (82.4 MPa) [32]. The shear strength of titanium alloy (Ti6Al4V) TLP joints could reach 662.5 MPa [33]. The maximum shear stress of the high entropy alloy (HEA) TLP joint of FeCoNiTiAl and Ni-based FGH98 superalloys could get 1156 MPa [11]. Under the assistance of ultrasound, the shear strength of the TPL joint of 6061 aluminum alloy reached 95% of the base metal (=164 MPa) [14]. Reference to aluminum alloy TLP joints is limited, but it is clear that the TLP welding process and filler metal selection for 5A06 aluminum alloy need to be redesigned. The observation results of this study indicate that there is still a lot of room for improvement (the phase interface structure can be regulated), and the brazing temperature can be further accurately adjusted according to the designed solder composition (which can be combined with simulation calculations); The holding time can be controlled (reducing oxide content); The temperature gradient can be enhanced (changing the cooling method to increase the oxide film breaking effect). Based on the above, future research will focus on Al-Cu-Mg series brazing alloys. It is necessary to adjust the composition of the solder and accurately control the brazing temperature (selecting the high-entropy alloy [34] and using software such as JMatPro to calculate the liquid phase temperature and adjust the composition [35,36]), striving to complete the welding at the lowest possible temperature (to reducing oxidation). The goal is to obtain a joint with sufficient strength under non-vacuum protect) conditions as much as possible. The inevitable oxidation during the brazing process can be solved through the film-breaking effect, which requires continued attention to the regulation of the TG-TLP temperature gradient based on the appropriate brazing filler metal composition and the brazing temperature.





4. Conclusions


Three typical compositions of brazing filler alloy (1# Al-20Cu-6Si-2Ni, 2# Al-10Cu-10Si-3Mg-1Ga, and 3# Al-6Cu-10Si-2Mg-10Zn) were prepared by melting and the 5A06 aluminum alloy bar was joined by the temperature gradient transient liquid phase diffusion welding (TG-TLP) process. The effects of brazing temperature (560 °C, 570 °C, and 580 °C) on the microstructure and tensile strength of the joint were studied, and the results are summarized as follows:



(1) For different filler alloys, there was a certain brazing temperature to make the TG-TLP film-breaking effect most significant, which were 560 °C for 1#, 580 °C for 2#, and 590 °C for 3#. Compared with 1# and 2# brazing filler, 3# got the most significant film-breaking effect, and its oxide film was completely broken to scatter at the weld junction.



(2) With the increase of temperature gradient, the film-breaking effect was easier to occur, but the oxidation was intensified. The oxidation products enriched were mainly Al2O3 and SiO2 at the phase interfaces of the weld junction. Proper brazing temperature is required to obtain a reasonable temperature gradient to balance the film-breaking effect and the oxide formation. For 1# brazing filler, the optimum brazing temperature was 570 °C (tensile strength = 113.0 MPa); For 2# brazing filler, it was 580 °C (tensile strength = 122.4 MPa); For 3# brazing filler, it was 580 °C (tensile strength = 147.4 MPa).



(3) When the sample was seriously oxidized, the oxidation effect dominated the mechanical performance. The 2# sample produced serious weld joint oxidation at the brazing temperature of 560 °C, which corresponded to a significant reduction in tensile strength (only 81.4 MPa). Under the experimental conditions of this study, the maximum tensile strength of TG-TLP joints was 147.4 MPa, which corresponded to the 3# sample at the brazing temperature of 580 °C. The overall tensile strength of the brazing joint with 3# solder is relatively high. The optimum tensile strength of 3# solder is 30% higher than 1# and 20% higher than 2#.



(4) For TG-TLP welding of 5A06, the filler alloy with higher Al:Cu ratio (12:1 wt.%) needed a sufficient temperature gradient to exert the film-breaking effect, and the filler alloy with lower Al:Cu ratio (3.6:1 wt.%) needed to accurately control its melting point (brazing temperature) to avoid excessive oxidation.



The conclusions of this study can provide some reference for the brazing of other Al-Mg-based aluminum alloys. When selecting high Al:Cu ratio (12:1 wt.%) brazing materials, it is necessary to enhance gas protection. For the improvement of the strength of the joint, Mg, Si oxides, and the Ni-rich phase at the interface is unfavorable, and the quantity and the distribution uniformity of them need to be controlled.
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Figure 1. Brazing filler alloy: (a) as cast bar, (b) slice. 
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Figure 2. Brazing fixture: (1) brazing parts, (2) induction coil, (3) water cooling device, (4) V block, (5) V block support, (6) slider, (7) guide rail mechanism, (8) cylinder device, (9) cylinder support, (10) fixture base, (11) base support plate, (12) side support plate. 
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Figure 3. Sampling location and dimension (in mm) for the tensile test of the metal bar. 
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Figure 4. SEM images of the brazing joints with Al-20Cu-6Si-2Ni brazing filler alloy at different brazing temperatures: (a) 550 °C; (b) 560 °C; (c) 570 °C. 
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Figure 5. Composition of flocculent mixed phase: (a) SEM images of the phase composition, (b–g) element mapping analysis of Al, Cu, Mg, Ni, Si, and O. 
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Figure 6. Oxide film distribution and phase composition analysis at the weld junction (brazing temperature of 570 °C): (a) SEM images of the weld junction, (b) element mapping analysis of O, (c) mapping element distribution of with multiple elements, (d) elements quantitative analysis of oxide film. 
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Figure 7. SEM images of the brazing joints with Al-10Cu-10Si-3Mg-1Ga brazing filler alloy at different brazing temperatures: (a) 560 °C; (b) 570 °C; (c) 580 °C. 
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Figure 8. SEM images of the brazing joints with Al-6Cu-10Si-2Mg-10Zn brazing filler alloy at different brazing temperatures: (a) 560 °C; (b) 570 °C; (c) 580 °C. 
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Figure 9. Formation mechanism of conventional TLP and TG-TLP diffusion bonding. 
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Figure 10. Tensile strength and corresponding measured oxygen content of TG-TLP welded joints. 
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Figure 11. Stress-strain curves of the tensile samples: (a) the typical samples of 1#~3#, (b) the comparison to the base metal. 
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Figure 12. Fracture morphology of the tensile samples: (a) 1-3, 570 °C; (b) 2-1 560 °C; (c) 2-3 580 °C; (d) 3-2, 580 °C. 
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Table 1. Chemical composition of 5A06 alloy and the brazing filler alloys (wt.%).
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	Composition
	Si
	Fe
	Cu
	Mn
	Mg
	Al
	Zn
	Ti
	Ni
	Ga





	5A06
	≤0.40
	0~0.4
	≤0.10
	0.5

~0.8
	5.8

~6.8
	Bal.
	≤0.10
	0.02

~0.10
	–
	–



	1# solder
	5.5

~6.0
	–
	19.0

~20.0
	–
	–
	Bal.
	–
	–
	2.0

~2.5
	–



	2# solder
	9.0

~10.0
	–
	9.0

~10.0
	–
	2.5

~3.0
	Bal.
	–
	–
	–
	1.0

~1.2



	3# solder
	9.0

~10.0
	–
	5.0

~6.0
	–
	1.5

~2.0
	Bal.
	9.0

~10.0
	–
	–
	–
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Table 2. TLP brazing parameters of 5A06 with series Al-Cu-Si brazing filler alloys with a soaking time of 30 min and a load of 0.1 MPa.
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	No.
	Composition (wt.%)
	Brazing Temperature (°C)





	1-1
	Al-20Cu-6Si-2Ni
	550



	1-2
	Al-20Cu-6Si-2Ni
	560



	1-3
	Al-20Cu-6Si-2Ni
	570



	2-1
	Al-10Cu-10Si-3Mg-1Ga
	560



	2-2
	Al-10Cu-10Si-3Mg-1Ga
	570



	2-3
	Al-10Cu-10Si-3Mg-1Ga
	580



	3-1
	Al-6Cu-10Si-2Mg-10Zn
	570



	3-2
	Al-6Cu-10Si-2Mg-10Zn
	580



	3-3
	Al-6Cu-10Si-2Mg-10Zn
	590
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file27.png
2-1 560°C
A4

Weight percentage

J29.84%






media/file13.png
(d)

Al

Cu
Si
Mg

Al

Cu

Si
Mg

Weight percentage

D 59.64 %
I 18.05 %
N 15.97 %

13.60%
12.73%

Atomic percentage

AN 57.70 %
N 29.46 %

N 6.56 %
13.35%
12.94%

0 1 2
378,938 counts in 23 seconds






media/file26.png
.

MAR 31 2023 12:21

15kV - Mapping

0.1 Pa

6.015 mm





media/file18.jpg
Conventional TLP

diffusion bonding TG-TLP diffusion bonding

Base metal Base metal Base metal

I sotidiiation) (il =
zone \ / g

Weld junction

Base metal Base metal Base metal





media/file9.png





media/file14.jpg
| 2-3 580°C
A ]






media/file20.jpg
200

180 Tensile strength 24
[ Mapping O contents .
. 160 14741438 120 ®
g 140 1224 z
= 120f 1102 TEY  prez ”‘12/// % 116 2
£ 104.0 ol :
5 7 5
2100 14 U {12 €
% 80 & S
(@)
2 60 85
G 40 % a
: o +2
20 =

0

11 12 1-3 211 22 23 31 32 33
Brazing filler alloy





media/file23.png
Stress (MPa)

140
120

100

80

40

60

20

0
0.0

1 M 1 M 1 M 1 1 1 1
0.5xE1.0xE” 1.5xE~ 2.0xE~ 2.5xE "~ 3.0xE~ 3.5xE "~

Strain (%)

Stress (MPa)

300

250

200

150

100

50

- (b)

—1-3
—2-3
—3-2
— 2-1
—— Base matel

2xE? 4xE” 6xE’

1 1 1 1 1 1
8xE” 10xE~ 12xE”~ 14xE”
Strain (%)





media/file5.png





media/file15.png





media/file19.png
Conventional TLP

diffusion bonding TG-TLP diffusion bonding

Base metal Base metal Base metal

B Solditcation] S
zone \ / =

Weld junction

Base metal Base metal Base metal





media/file11.jpg
n

@
s

Weight percentage

I 64

Tasox
Jarsx

Ao percentage
7. 70%
5.6
Wesex

Pasx

Jasax






media/file2.jpg





nav.xhtml


  metals-13-01048


  
    		
      metals-13-01048
    


  




  





media/file6.jpg





media/file24.jpg
1-3 570°C Il

()






media/file1.png





media/file10.jpg
(a),
Oxide film

2 t\
Ly

Film break






media/file7.png





media/file16.jpg





media/file25.jpg





media/file12.png
Oxide film

SkV - Mapping
BSD Full






media/file3.png
8

Welding base metal bar

_Ap—p load






media/file22.jpg
Stress (MPa)

0
120

3888

20

Stress (MPa)

200

150 —
—2a
100 e
—24
50|
— Base matel

T 1O T 2O 25 S0 O heE
Strain (%)

O B e G B 0 12 e
Strain (%)





media/file17.png
3-1 57






media/file4.jpg
——






media/file0.jpg





media/file21.png
(94,7IM) Sjusuod O buiddey

2222222
____________

NANN\\—-—
ﬂTwﬁ//////%ﬁaﬁ
SEXMNNNNN
SN
s
e
SR
T////////////%ﬁ

OOOOOOOOOOO
0000000000

ANl ™ ™ ™ ™

BdIN / Uibuauis ajisua |

T

147.4 143.8

T

| | Mapping O contents

7”7) Tensile strength

1-1 1-2 1-3 2-1 2-2 2-3 3-1 3-2 3-3

Brazing filler alloy





