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Abstract

:

Wire + Arc Additive Manufacture is an Additive Manufacturing process that requires a substrate to initiate the deposition process. In order to reduce material waste, build and lead time, and improve process efficiency, it is desirable to include this substrate in the final part design. This approach is a valid option only if the interface between the substrate and the deposited metal properties conform to the design specifications. The effect of substrate type on the interface microstructure in an aluminium part was investigated. Microstructure and micro-hardness measurements show the effect of substrate alloy and temper on the interface between the substrate and deposited material. Microcracks in the as-deposited condition were only found in one substrate. The deposited material hardness is always lower than the substrate hardness. However, this difference can be minimised by heat treatment and even eliminated when the substrate and wire are made of the same alloy.
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1. Introduction


Additive Manufacturing (AM) offers the possibility to reduce production cost and lead time while increasing the shape complexity achievable compared with subtractive manufacturing methods. Wire + Arc Additive Manufacture (WAAM), detailed by Williams et al. [1], is a process suitable for producing large scale components, usually built using conventional manufacturing processes such as machining from wrought parts or forged billets. These large components can be integrated into the primary or secondary structure of an aircraft after a small finishing machining step. WAAM produces 3-D parts by depositing successive layers of material using an electric arc as the heat source and wire as the feedstock.



Aluminium alloys are widely used in aerospace and transport, especially aluminium copper and zinc alloys, well known for their low density, high strength and good damage tolerance. Depending on their compositions, high strength aluminium alloys perform differently, achieving different compromises between static and dynamic mechanical properties. For example, aluminium zinc magnesium copper alloys are used in combination with aluminium copper alloys in aircraft wings to achieve high strength in the top region and high damage tolerance in the lower region [2]. These specific properties are usually obtained by post-manufacture heat treatment. The mechanical properties achieved by WAAM aluminium material were investigated in numerous studies. Gu et al. [3] characterised the properties of as-deposited 2319 WAAM material. The authors showed that the relatively low mechanical properties in the as-deposited condition could be drastically improved by heat treatment and inter-pass rolling. The authors also showed the effect of heat treatment and inter-pass rolling on 2319 alloy microstructure and porosity level and demonstrated the drastic porosity level reduction obtained by inter-pass rolling [4].



Considering how the WAAM process operates, a substrate is required as a base for starting the deposition. This substrate can be discarded or retained at the end of the component manufacture, depending on the final design. Several authors have reported the different advantages of keeping the substrate. Lockett et al. [5] provided an initial set of design rules for WAAM and showed that, in order to reduce the volume of deposited material and production time, the substrate often should be integrated into the final design. The final component would then be a hybrid mix of a wrought alloy on which the additive material has been deposited. Hybrid components, which are manufactured using a combination of conventional processes and an AM one, can benefit from the flexibility of AM without raising the manufacturing cost commonly associated with its low deposition rate. For instance, Ahuja et al. [6] showed the potential of hybrid manufacturing using laser beam melting and sheet forming to manufacture Ti6Al4V demonstrators. Additionally, Merklein et al. [7] demonstrated the possibility of combining several conventional processes with AM to produce functional gear components. In this case, they used a metal sheet as the substrate, powder-based fusion, laser cutting, deep drawing and upset forging to produce the component. The hybrid manufacturing route also allows the production of graded components using different materials for the substrate and filler wire with complementary and tailored properties. For example, Liu et al. [8] demonstrated the possibility of using a Laser-aided additive manufacturing process to produce sound structures made of cast iron substrate and Inconel 625 and stainless steel 420 deposits. Following this example, aluminium WAAM deposit could be combined with a rolled plate to manufacture functionality-graded components using different aluminium alloys for the wire and the plate. Several challenges must be tackled to use combinations of WAAM and wrought material: the deposition parameters should be optimised to reduce distortions and to residual stress of the substrate; the local microstructure and mechanical performances of the interface should be fully characterised.



There is a large amount of literature on WAAM, but relatively little is known about the properties of the interface between WAAM material and substrate. To the authors’ knowledge, only two papers are focused on the matter: Zhang et al. [9] studied the fatigue behaviour of a Ti6Al4V interface; Gu et al. [10] investigated the deposition parameters’ effect on the microstructure and tensile properties of aluminium interfaces. In this paper, the substrate and WAAM deposit were made of the same aluminium alloy. Therefore, the Interface between Substrate and the Deposited Metal (ISDM) of different aluminium alloys combination is the scope of this paper.



WAAM uses processes and consumables originally designed for welding. Therefore, the Interface between the Substrate and the Deposited Metal should perform suitably and in an equivalent manner in term of mechanical properties as traditionally observed in a welded structure. Numerous studies have been reported on the effect of fusion welding on aluminium. For example, Dumolt, Laughlin and Williams [11] investigated the effect of substrate temper on the microstructure of the Heat Affected Zone (HAZ) after welding using 2219 plates with the gas tungsten arc process. The substrate temper also affects the microstructure of the Partially Melted Zone (PMZ): Rao et al. [12] showed that the segregation of alloying elements, sometimes leading to liquation cracking, around the fusion zone can be affected by the substrate temper. The Fusion Zone (FZ) can be subject to hot cracking if the solidification behaviour of the mix of compositions of the substrate and wire alloys is not favourable. FZ hot cracking sensitivity has been widely studied: for instance, Pickin et al. [13] studied the effect of wire filler composition on multi-pass welding of 2024 plates. The authors used a tandem system to mix two aluminium wires of different grades to achieve tailored fusion zone chemical composition. They showed that the hot cracking tendency of 2024 alloy could be drastically reduced by using a suitable wire filler composition. Kou [14] used a different approach: the author built an index for predicting the susceptibility to solidification cracking of aluminium combinations during welding. He showed that the use of suitable filler wires could drastically improve the solidification behaviour of the fusion zone, leading to crack free welds. All HAZ, PMZ and FZ can be found in the ISDM, as shown in Figure 1.



A considerable number of studies have been conducted on the additive manufacture of 2319 alloy [3,4,15,16,17,18]. This alloy is a conventional aluminium copper alloy which is widely applied as a welding wire in the aerospace and defence industries due to its favourable solidification behaviour and high strength after heat treatment. This alloy was therefore used in the present study. Four different alloys were used as substrates:




	
The 2219 alloy is widely used as the structural alloy of cryogenic fuel tank of launch vehicles because of its mechanical properties and its fusion weldability with 2319 filler wire [19,20]. The 2219 alloy is very close to the 2319 alloy in composition except that 2319 alloy has a larger Titanium addition (Ti in 2219: 0.02–0.10%, 2319: 0.10%–0.20%)



	
The 2024 alloy is used in the form of clad plates in aircraft fuselage [2]. It is considered unweldable by fusion processes because of its high susceptibility to liquation and hot cracking, especially when mixed with other alloys [13]. However, it has been shown by Pickin et al. that 2024 as a filler wire can be used to weld 2024 alloy plates [21].



	
The 2050 alloy is an aluminium copper lithium alloy considered a medium- to high-strength alloy with high damage tolerance and corrosion resistance. The use of lithium significantly reduces the alloy density and this leads to a large weight saving ([22], Page 506). According to Lequeu et al., it can be used to replace 7000 series thick plates in aircraft internal structures [23]. However, cold work after solution treatment is needed to reach these high mechanical properties [24].



	
The 2139 alloy is an aluminium copper magnesium silver alloy used in armoured vehicles manufacture [25]. In contrast to 2050 alloy, this alloy can attain high strength and damage tolerance without cold work thanks to homogeneously distributed precipitates. For this reason, the compatibility of this alloy with additive manufacturing has been investigated [26,27]. The authors used electron beam freeform fabrication and successfully deposited 2139 alloy. However, 2139 alloy was used only as a substrate in the study reported here.








In this paper, using microstructure analysis and micro hardness measurements, the ISDM properties in WAAM were investigated and compared to those seen between the weld and parent metal in conventional welding. The aim was to assess whether it is possible to achieve similar properties in the substrate and deposited material to achieve a homogenous structure. The results are organised separately according to the different areas of interest in the samples, shown in Figure 1.




2. Materials and Methods


2.1. Materials


Plates of the four alloys described in the introduction section (2219, 2024, 2050 and 2139) were machined and cut to 100 mm × 400 mm × 12 mm substrates. The tempers and chemical compositions of the plates and wire are given in Table 1.




2.2. Experimental Procedure


Seven-layer high and 380 mm long walls were deposited on the centre of the plates using stringer beads and the deposition parameters shown in Table 2. An ABB 6 axis robot and a Fronius CMT Advanced 4000R machine were used as manipulator and power source, respectively. The waiting time between layers was set to two minutes. The main process used was Cold Metal Transfer Pulse Advanced (CMT-PA, synergic line C1369) due to its capability to produce low-porosity Al–Cu deposits [29]. As detailed by Gierth et al. [30], the deposition parameters used for the wall base need to be changed to adapt to the change of heat flux to produce walls of constant width. CMT-PA is a very low heat input process and is not suitable to deposit the first layer. Therefore, the CMT pulse process (synergic line C0880), a higher heat input mode, was used to deposit the first layer. For subsequent layers, CMT-PA was used with a wire feed speed decreasing from the third to the sixth layer. Consequently, heat input was reduced as the wall height increases, keeping the thermal cycle relatively constant in the deposited material. The distance between the torch and the work-piece and the travel speed were kept at constant 11 mm and 10 mm/s, respectively.



The cross sections of interfaces were cut; mounted in cold epoxy resin; and ground with 240, 600, 1200 and 2500 grit SiC papers with flowing water as the coolant to avoid any rise in material temperature, which might affect the strength. Finally, the samples were polished to a mirror finished using a 3 μm diamond paste and colloidal suspension solution for microstructure analysis.



The heat treatment, designed for 2319 alloy, to T6 temper was carried out in a furnace chamber. During solution treatment, the samples were heated from room temperature to 507 °C at 40 °C/h and then heated up to 534 °C at 20 °C/h. Heating was carried out in two steps to avoid any temperature overshoot near the melting point of 2319 alloy. It needs to be highlighted here that the solution treatment temperature was selected for the 2319 WAAM deposited alloy without taking into consideration the melting points of the substrates. In the case of the 2024 substrate, partial melting is bound to happen at 534 °C as 2024 alloy melting point is 504 °C, considerably lower than the melting point of 2319 alloy at 543 °C. These samples were kept at 534 °C for two hours before being water quenched. Finally, the samples were aged at 171 °C for 14 h.



A Nikon Optiphot 2 microscope was used to capture the optical images, and Scanning Electron Microscopy was performed using an Tescan Vega 3 machine. The samples were coated with a 10 nm layer of gold before SEM observation. An INCAx-act detector was used to measure local chemical composition. Three measurements were carried out in the fusion zone and the first layer of deposited material of each sample.



To evaluate the dimension and mechanical properties of the HAZ, hardness measurements were performed in the transverse cross-sectional plane 1 mm below the substrate top surface, as shown by the path A in Figure 2. These measurements were performed on one sample per alloy combination using a Vickers micro hardness testing machine (Auto-C.A.M.S. of Zwick Roell) with a load of 100 g and a duration of 15 s.



In the PMZ, the peak temperature reached was above the melting point of the solute atoms on and along the grain boundaries. This zone was characterised by the presence of liquations, and its width was measured on SEM images using the Axiovision software.



The FZ and deposited material were characterised by the hardness profile measured along a vertical path in the centre of the deposited material, as shown in Figure 2 path B, using the same testing parameters as for the HAZ.





3. Results


3.1. Substrate


3.1.1. As-Deposited Hardness Profile


Horizontal hardness profiles before and after heat treatment are shown for each alloy combination in Figure 3. For all cases, the minimum hardness occurred in the FZ. For the 2219 substrate, the hardness increased smoothly across the HAZ and stabilised 8 mm away from the deposition centreline. In contrast, for the other substrates, there was a sharp hardness change between the FZ and the HAZ. Additionally, a drop in hardness was measured further away inside the HAZ: for the 2024 and 2139 substrate, hardness decreases by 20 to 30% of the base plate value at 8 mm from the centreline. For the 2050 substrate, there was a similar drop but 14 mm away from the centreline.




3.1.2. Hardness Profile after Heat Treatment


The hardness profiles after heat treatment are also shown in Figure 3. The hardness in the substrate depended on its composition. In terms of profile, the hardness was constant along the entire path when the substrate was made of 2219, but when 2024, 2050 or 2139 substrates were used, a net drop was observed at the centre of the deposition line. Nevertheless, the difference between the fusion zone and the parent material was reduced compared to the as-deposited condition. For instance, the hardness dropped by 33% between the fusion zone and the parent metal in the 2139 substrate before heat treatment while it only dropped by 10% in the T6 condition.




3.1.3. As-Deposited Microstructure


As shown in Figure 4, no cracks were found in optical images of the ISDM with 2219, 2024 and 2050 substrates. However, a crack was found in the 2139 substrates. The crack, magnified in the inset Figure 4d, propagated from the edge of the deposit in the grain boundary and started at the edge of the FZ.



Figure 5 shows that liquations were observed at the grain boundaries in the PMZ of the samples built for this study, regardless of the substrate alloy or temper used. However, as shown in Figure 6, the width of the zone affected by liquation changed with the substrate: 200 μm for the 2219, 2024 and 2050 substrates and 480 μm wide in case of the 2139 substrate.




3.1.4. Microstructure after Heat Treatment


After heat treatment, liquation was not observed anymore in the 2219 and 2050 samples, as illustrated in Figure 7 and Figure 8 in (b) and (f). However, images (d) and (h) show that this area was severely affected by grain boundary cracks at grain boundaries in the 2024 and 2139 substrates.





3.2. Fusion Zone and Deposited Material


3.2.1. Porosity


Figure 4 shows optical images of the fusion zone: porosity is visible in all of the combinations, regardless of the substrate alloy. Porosity in the 2319 alloy deposited by WAAM has been studied previously by Gu et al. [3] and Cong et al. [29], and it will not be discussed further here.




3.2.2. Hardness Profile


The hardness profiles of the ISDMs, measured along the scan line B shown in Figure 2, are shown in Figure 9. The hardness values reached in the substrate, fusion zone and deposited material are given in Table 3.



In the as-deposited condition, the hardness measured in the deposited material was lower than in the substrate regardless of the composition of the substrate; 5 mm away from the substrate top surface, the deposited metal hardness did not depend on the substrate and is equal to 65 HV.



When the deposition was onto 2219 substrate, the transition between the substrate and the fusion zone was smooth; the minimum hardness was reached in the fusion zone and was constant in the deposited material. Regarding substrates 2024, 2050 and 2139, there were two sharp drops of hardness, first at the fusion line at about 2 mm deep in the substrate and then at about 1 mm high in the deposited material. Additionally, a reduction of hardness was noticeable 6 mm deep in the 2024 substrate.



After heat treatment, the deposited material reached a constant hardness of about 140 HV regardless of what substrate was used. In the case of the 2219 substrate, the hardnesses were even across the interface. For the 2050 and 2139 substrates, all substrates, FZ and deposited material hardnesses increased after heat treatment, and the difference between the substrate and the deposited material hardness was reduced. For 2024, the drop in hardness in the HAZ was reduced, but there was no significant hardness increase in the substrate. The profile of hardness was almost even, with a peak in the fusion zone.



Figure 10 shows the magnesium and copper content across the four interfaces. The chemical compositions of the substrate provided at the position −4 mm are the registered composition of the alloy used [28]. When the 2219 substrate was used, no variation in copper and magnesium content was observed across the interface. However, the chemical composition of the FZ differed from that of the WAAM material and substrate in the other three cases.






4. Discussion


4.1. Substrate


4.1.1. As-Deposited Hardness Profile


Two factors make 2219 different from the other three substrates in this study: the composition and the temper. First, the 2219 substrate composition is very close to the 2319 alloy wire. Therefore, there is no composition difference between the FZ and the HAZ. This is the first reason why there is no steep hardness drop at the boundary between those two areas. This is explained further in the paragraph related to the deposited material study in Section 4.2. Second, the 2219 plate is artificially aged while the other three were in naturally aged condition before deposition. As a result, the microstructure of the HAZ is different. The effect of pre-deposition base plate temper has been widely studied in aluminium fusion welding [11,12,31]. When the base metal is naturally aged and contains Guinier–Preston zones, the post welded plate presents a softened area situated a few millimetres from the fusion zone where coarser phases are generated during the heat cycle. That is why a drop in hardness was observed in the plates 8 to 13 mm away from the deposition in the three naturally aged substrates.




4.1.2. Hardness Profile after Heat Treatment


The 2219 substrate recovers during the heat treatment as the compositions of the FZ and HAZ are the same and respond in a similar manner to heat treatment. Unlike the FZ and HAZ in the 2219 substrate, 2024, 2139 and 2050 FZ and HAZ have different compositions and that is why the hardness was not the same in those areas after heat treatment. For the 2139 and 2050 alloys, there was a net increase in hardness in the substrate, while the 2024 hardness remained the same. For the latter, this is due to the low ageing kinetic of the 2024 alloy. This alloy requires a higher ageing temperature than other 2xxx series alloys as shown by the typical heat treatment duration and temperature reported by [32]. The ageing treatment carried out in this study was about 20 °C too low to have a considerable effect on this substrate.




4.1.3. As-Deposited Microstructure


Hot cracking is a common problem in fusion welding of aluminium, especially for aluminium copper alloys, such as 2024, 2139 and 2050, which were used in this study. The 2219 alloy is one of the few alloys considered weldable from the 2000 series. However, no cracks were found in the 2024 and 2050 substrate after deposition. Additive manufacturing differs from welding in several ways. In welding, two plates are joined together and many different edge preparations and mating face configurations exist. In comparison, in additive manufacturing, a metal bead is deposited on a plate or previously deposited beads. The objectives are different in term of bead shape: in welding, significant penetration is generally required to ensure good joint properties; in additive manufacturing, the aim is to add material so that penetration tends to be reduced as much as possible. Constraint during welding is much higher compared to additive manufacturing, which by its very nature is free-form, and therefore, restraint acting on the melt pool and in the solidifying region is much less. Furthermore, the stress generated during solidification is the main cause of hot cracking during fusion welding. This explains why solidification cracks were not observed in both optical and SEM images of as-deposited samples in this study, even when 2024 and 2050 alloys were used.



As demonstrated in the literature [33,34,35], even if hot cracks are avoided, the mechanical properties of PMZ tend to be reduced by liquation. That is why the size of the area affected by liquation is of interest. This area was about twice as large in the 2139 substrate compared to in the other three base plates. This observation shows the effect of grain size on liquation: the bigger the grains, the wider the area affected by liquation. A similar conclusion has been made in fusion welding by Rao et al. [12]. Therefore, reducing the substrate grain size might be a way to improve the as-deposited mechanical properties of the IDSM. The formation of liquation cracks also depend upon the orientation of the grain boundaries and the stress generation. Nonetheless, composition and thermal conductivity are probably critical factors regarding liquation along with grain size.




4.1.4. Microstructure after Heat Treatment


During solutionising, the eutectic compound solutionises and forms a single phase with the aluminium matrix. This phenomenon is visible on the ISDM with 2050 and 2219 pictures (b) and (f) in Figure 7: the composition became homogeneous, and grain boundary segregation was highly reduced. However, one of the main challenges of building and heat treating dissimilar alloy parts is the incompatibility of their respective conventional heat treatment: in the case of the ISDM with 2024 and 2139, cracks were generated along the liquation zone during solution treatment (Figure 7). The origin of these cracks is not the same for both cases. For 2024 substrate, the solution treatment temperature adopted for the deposited 2319 alloy was too high for 2024: its melting point is 504 °C, and the temperature reached during the heat treatment was 535 °C. This means that the eutectic compound was melted during the soaking. The molten grain boundary could not sustain the stress generated by the surrounding solid during the quench: this led to solidification cracks forming. To heat treat this combination, a lower temperature solution treatment could be used, but this treatment would not be effective to solutionise the 2319 WAAM material. This illustrates the challenges in tackling heat treatment of a dissimilar alloy component. For 2139 substrate, the solution treatment temperature was not higher than the eutectic melting point, but the fast cooling occurring during the quench probably generated stresses helping the propagation of cracks along grain boundaries, weakened by microcracks generated during deposition. The grain boundaries are weakened during deposition as low temperature eutectic formed by segregation along them later melts and opens up under stress.





4.2. Fusion Zone and Deposited Material


4.2.1. As-Deposited


When the 2319 alloy was deposited onto the 2219 substrate, there was no significant change in the composition along the deposit as the composition of the deposit and parent material were essentially the same. This explains the constant value of hardness in the deposited material when the 2219 substrate was used. The smooth reduction of hardness change can be attributed to the peak aged state of the substrate before deposition (T8 temper); similar observations have been made in fusion welding [11].



For the other three substrates, the wire composition differed from that of the substrate. Therefore, there was a mix of alloying elements and the composition changed across the first and second layers, as shown in Figure 10. This dilution explains the plateau of hardness observed in the fusion zone in the three 2024, 2050 and 2139 alloys.



The drop in hardness observed in the 2024 substrate 6 mm deep in the substrate was the same drop as observed in the horizontal hardness measurement at about 8 mm away from the deposition centreline. It was due to the precipitation of a band of   θ ′   phases in the heat affected zone, lowering the hardness as detailed in the literature [11,31]. As shown in Figure 3, this drop in hardness was more significant for 2024, and this is why it was noticeable only for this alloy on the vertical hardness path in Figure 9.




4.2.2. After Heat Treatment


For the 2219 substrate, the hardness profile was even: this is because the composition of the substrate, FZ and deposited material were the same, so the response toward heat treatment was the same in term of hardness increase.



For the 2139, 2024 and 2050 substrates, the smooth drop in hardness between the substrate and deposited material was due to the change of composition at the interface and the different response toward heat treatment of those compositions.






5. Conclusions


This study shows that the Interface between Substrate and the Deposited Material includes a fusion zone, partially melted zone and heat affected zone just as in the interface between parent material and the weld bead in fusion welding. However, the stresses generated during WAAM are lower than during welding, and this can enable the use of alloys considered unweldable as WAAM substrate. The effect of both substrate alloy and temper were studied: the results highlight that the substrate needs to be carefully selected when manufacturing a component. Its composition needs to be compatible with the deposited alloy if a heat treatment needs to be carried out after the manufacture, and its temper needs to be suitable if no heat treatment is conducted.



Using the 2319 alloy as a filler wire, it was not possible in this study to achieve homogeneous hardness across the interface without post-deposition heat treatment. The combination using 2219 and 2050 substrates were both successfully heat-treated, but only the interface between the 2219 substrate and WAAM material reached homogenous hardness. Therefore, this combination would be the simplest to use, but the design advantages of using different alloy for the substrate and filler wire remained to be explored.



For optimal performances, substrates should be specially manufactured to suit the WAAM process to reduce the risk of liquation cracking or a coarse change in properties and to adapt to the deposited alloy to avoid hot cracking and to match with the heat treatment of the deposited material. Further work needs to be carried out to assess the effect of the ISDM microstructure on the static and dynamic mechanical behaviours of the join between WAAM material and substrate.
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Figure 1. Areas of interest of the ISDM on a cross section perpendicular to the deposition direction. 
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Figure 2. Scheme of the horizontal (A) and vertical (B) hardness path. 
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Figure 3. Hardness profile of the heat affected zone, measured 1 mm under the substrate top surface. 
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Figure 4. Optical image of cross sections focused on the FZ/PMZ boundary in the (a) 2219, (b) 2024, (c) 2050 and (d) 2139 substrates. 
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Figure 5. SEM images of the PMZ in the (a) 2139 and (b) 2050 substrates at low magnification and in the (c) 2139 substrate at higher magnification. 






Figure 5. SEM images of the PMZ in the (a) 2139 and (b) 2050 substrates at low magnification and in the (c) 2139 substrate at higher magnification.



[image: Metals 11 00916 g005]







[image: Metals 11 00916 g006 550] 





Figure 6. Width of the area affected by liquation depending on the substrate used. 
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Figure 7. Optical images of ISDM before (left column) and after (right column) heat treatment for the four configurations with the (a,b) 2219, (c,d) 2024, (e,f) 2050 and (g,h) 2139 substrates. 
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Figure 8. SEM images of ISDM before (left column) and after (right column) heat treatment for the four configurations with the (a,b) 2219, (c,d) 2024, (e,f) 2050 and (g,h) 2139 substrates. 
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Figure 9. Vertical hardness profile before and after heat treatment for each alloy combination. 
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Figure 10. Magnesium and copper contents across the interfaces. 
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Table 1. Composition of the alloys used as wire and substrates. The chemical composition of the wire was measured using Energy Dispersive X-ray Spectroscopy, and the chemical composition of the substrates was provided by the Aluminium Association [28].
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	Alloy
	Temper
	Cu
	Mn
	Mg
	Ag
	Li





	2319 (wire)
	-
	6.04 ± 0.06
	0.27 ± 0.02
	0.03 ± 0.01
	-
	-



	2219 (substrate)
	T8
	5.8–6.8
	0.20–0.40
	0.02
	-
	-



	2024 (substrate)
	T3
	3.8–4.9
	0.30–0.9
	1.2–1.8
	-
	-



	2139 (substrate)
	T3
	4.5–5.5
	0.20–0.6
	0.20–0.8
	0.15–0.6
	-



	2050 (substrate)
	T3
	3.2–3.9
	0.20–0.50
	0.20–0.6
	0.20–0.7
	0.7–1.3
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Table 2. Deposition parameters.
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	Layer
	Wire Feed Speed
	Process
	Travel Speed
	Contact Tip to Work-Piece Distance





	1
	7 m/min
	CMT Pulse
	
	



	2, 3
	9 m/min
	
	
	



	4, 5
	7 m/min
	CMT Pulse Advanced
	10 mm/s
	11 mm



	6, 7
	6 m/min
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Table 3. Average of the Vickers hardness values measured in the three areas of interest before and after heat treatment.
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	Sample
	Substrate Alloy
	2219
	2024
	2139
	2050





	
	Substrate
	133 ± 2
	119 ± 7
	130 ± 3
	120 ± 2



	As-deposited
	Fusion zone
	68 ± 2
	99 ± 5
	79 ± 5
	86 ± 4



	
	Deposited material
	66 ± 1
	62 ± 4
	65 ± 1
	67 ± 2



	
	Substrate
	142 ± 4
	136 ± 4
	169 ± 3
	172 ± 4



	Heat treated
	Fusion zone
	142 ± 1
	149 ±2
	154 ± 3
	151 ± 4



	
	Deposited material
	141 ± 2
	141 ± 2
	136 ± 4
	138 ± 3
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