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Abstract

:

Wire and arc additive manufacturing (WAAM) is one of the most promising technologies for large-scale 3D printing of metal parts. Besides the high deposition rates, one of the advantages of WAAM is the possibility of using in situ alloying to modify the chemical composition and therefore the material properties of the fabricated workpiece. This can be achieved by feeding multiple wires of different chemical compositions into the molten pool of the welding process and generating a new alloy during the manufacturing process itself. At present, the chemical composition is changed stepwise by keeping the wire feed speeds per layer constant. This article describes the possibilities of generating chemically graded structures by constantly alternating the wire feed speeds of a multiwire WAAM process. This enables the chemical composition to be smoothly changed during the printing process, and generating structures with highly complex material properties. Several material combinations for different possible applications were successfully tested. Furthermore, grading strategies to avoid negative influences of low-ductility intermetallic phases were examined. The results show that low-ductility phases may even have a beneficial influence on the fracture behavior if they are combined with ductile phases. Moreover, prospective possible applications are discussed.
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1. Introduction


Functionally graded materials (FGM) are technically applied materials, characterized by a graded variation of the chemical composition and/or the microstructure and/or the material properties [1]. The use of functionally graded materials opens up a wide range of possible applications, and it is an area that has been characterized by continuous research and further development [2,3,4]. The aim here is to manufacture workpieces that are locally adapted to their loads, thus allowing a significantly more efficient operation. To achieve this adaption, material properties, such as tensile strength, damping properties, and chemical and/or thermal resistance, can be varied. One example of the advanced functionality gained by local variation of material properties is the manufacturing of self-sharpening cutting blades for harvesting applications [5]. A graded change of the material properties is supposed to avoid sharp transitions of the chemical and physical properties and prevent local stress peaks. Based on the capabilities of the manufacturing process, FGMs can be produced with a gradually graded or continuously graded change of the materials. Initially, investigations mainly focused on the processing of metal-to-ceramic FGMs. Here, a huge variety of manufacturing processes was investigated for the processing of FGMs, such as sintering or plasma spraying [6].



With advances in metal additive manufacturing (AM), especially in laser-powder-based processes, a variety of investigations on metal-to-metal FGMs have started [6]. Possible material combinations range from differently alloyed steels, titanium to titanium carbides, iron to iron aluminides, and iron or copper base alloys to nickel base alloys [6,7]. The formation of intermetallic phases, especially when processing metal-to-metal FGMs, may lead to a sudden change in material properties that opposes the effect of a soft gradient. Zhang et al. used hardness profiles as an indicator for the structural properties of a Ti–TiC FGM [8].



Three-dimensional (3D) printing processes are suitable for the production of functionally graded workpieces as they allow highly individualized workpiece production [9]. Additive manufacturing processes for metallic structures can be divided based on the material feed into powder bed, powder feed (jet), and wire feed systems [10]. Using powder as the initial feed material is relatively expensive compared to wire, which is why powder-based processes are typically used for the processing of expensive materials and the production of small-sized, high-precision workpieces [11]. The basic challenges in additive manufacturing of metals are independent of the process. Due to the high heat input of the energy source, the material of the last deposited layer undergoes a heat treatment. This may lead to anisotropic material behavior [10]. Moreover, thermally induced residual stresses and common welding-related defects, such as lack of fusion or porosity, may occur [10,12]. The combination of an electric arc as heat source and wire as feeding material for processing metallic FGMs has, for a long time, not been the main focus of research.



Wire and arc additive manufacturing (WAAM) processes represent a key technology for economic series production of 3D-printed parts and are becoming increasingly important, both in research and in industrial applications [13,14]. Here, welding processes, such as gas metal arc (GMA), tungsten inert gas (TIG), or submerged arc (SA) welding, are used to build up structures by multilayer welding [14,15]. The key difference between WAAM and more commonly used additive manufacturing processes, such as laser powder bed fusion or laser cladding, lies in the high local heat input in combination with a high material deposition rate. Workpieces with a structural weight of more than 200 tons have been manufactured using WAAM [15,16]. Additionally WAAM is only used for processing metallic materials. Besides the high thermally induced residual stresses, one of the constraints of WAAM is the complex path planning and control process. Any alignment error of the welding torch leads to an increased risk of geometric inaccuracies and weld defects. To solve this problem, various research groups are working on automatic path planning and control systems, such as Chen et al. with their DingzhiPNT-3d Path simulation software in combination with a cold metal transfer (CMT), which is a gas metal arc welding (GMAW) process [17,18,19].



For additive manufacturing of high-performance materials like titanium or nickel base alloys, processes with nonconsumable electrodes, such as tungsten inert gas or plasma-transferred arc (PTA) welding, are used. In this context, the work carried out at Cranfield University in recent years should be mentioned as being fundamental for the development of such processes for additive manufacturing [20,21]. Industrial applications can be found, for example, at Norsk Titanium [22]. Here, titanium parts for the aerospace industry are additively manufactured with a modified plasma welding process in near-net-shaped condition and then machined to the final geometry. Compared to the machining of a simple semifinished product, this results in significant material savings and a more favorable buy-to-fly ratio. Further industrial examples for the use of WAAM in future applications are the manufacture of Pelton turbine blades [23], the contract manufacture of cost-reduced milled parts [24] as well as the manufacture of ship propellers [25] or heavy-duty crane hooks [26].



Arc welding processes also offer the possibility of generating multi-material components. Work at the TU Ilmenau is concerned with the additive production of composite workpieces using GMA welding. Here, in the sense of classical shape welding, hard material layers are applied specifically to a base material made of high-alloy steel in order to produce workpieces with locally adapted technical properties [27]. The material can be changed by exchanging the filler wire or by using a second welding torch. Using only one filler wire at the same time, this concept leads to multimaterial workpieces with sharp material transitions.



Welding processes with nonconsumable electrodes have the advantage of generating a very stable and well-defined molten pool and are therefore suitable for in situ alloying. In this application, the simultaneous feeding of multiple wires of different chemical compositions into the molten pool is applied in order to generate the new alloy in situ. The variety of investigated materials ranges from the production of titanium and iron aluminides to the processing of special nickel–aluminum bronze alloys [28,29,30,31,32]. Different approaches of changing the chemical composition layerwise to generate gradually graded structures have already been published [33]. The work of Brentrup et al. should especially be mentioned at this place [34]. Here, a GTA process in combination with a double-wire feeding system was used to produce graded ferrite-to-austenite FGMs. Furthermore, recent work carried out by the Chair of Welding Engineering, Chemnitz University, investigated the wire and arc additive manufacturing of FGMs. Here, FGMs were produced between SS316L steel and alloy626 nickel-based alloy using the plasma process [35]. As with the other abovementioned approaches, the chemical composition was changed in layers, which means that the wire feed speed was kept constant during the welding process. A consistent further development of this approach has resulted from the local variation of the individual wire feeding speeds in the process. This is aimed at producing workpieces with smoothly varying chemical composition, thus generating locally changing mechanical properties. This gives the possibility to change the chemical composition of the material within the printing layer and therefore opens new design freedom to change the material properties at any location in the printing volume. This article presents a new approach of dynamically changing the wire feed speed within the framework of the printing process, thereby generating FGMs that show a changed chemical composition within the printing layers.




2. Materials and Methods


Three different material combinations were successfully processed. Table 1 shows the initial chemical composition of the processed wires before welding. As the loss of alloying elements can be expected when oxidizing shielding gases are used for welding, the manufacturers’ data sheets expect slightly different chemical compositions. The biggest difference between the measured value and the manufacturers’ datasheet applies to the niobium content in G 18 L Nb. After processing the wire with an M21 (EN ISO 14175) shielding gas, the expected content in the weld seam is 0.45%. All wires were of the dimension 1.0 mm. The material combinations were chosen in order to represent different technical applications and to evaluate the basic process capabilities and limitations for creating continuously graded FGMs, as shown in Table 2.



The aim of the experiments was to obtain a basic understanding of the process behavior and the possibilities as well as the restrictions when processing different materials to generate chemically graded structures. For the evaluation of the basic process stability of the plasma multiwire process, a combination of low-alloyed steel (EN ISO 14341-A: G 3Si1) and high-alloyed chromium–nickel steel (EN ISO 14343-A: G 19 9 LSi) was used. Initial results have been published in [36]. Due to the difference in thermal conductivity, the flow behavior of the liquid molten pool, and the solidification behavior, this material combination is supposed to reveal possible restrictions of the plasma multiwire process. Based on the results of this material combination, technically more relevant material combinations regarding two use cases were tested. The first use case dealt with chemically graded tube segments between ferritic steel and austenitic steel. Fusion welding of ferritic and austenitic materials can come into play when the structures underlie locally changing thermal loads, for example, in thermal power plants. In the low-temperature section, the nickel content was kept low to save costs. In the high-temperature section, the nickel content was increased to withstand the thermal loads. Chemically graded tube segments were used as transition elements to avoid welding of dissimilar metal joints. In this application, a smooth change of the chemical composition and the thermal expansion coefficient might lead to a higher resistance to thermally induced stresses. For this use case, the material combination of a high-alloyed ferritic chromium steel (EN ISO 14343-A: G 18 L Nb) to high-alloyed chromium–nickel steel (EN ISO 14343-A: G 19 9 L Si) was investigated.



The second use case involved structures of variable tensile strength. This might be interesting for architectural applications and steel construction, with WAAM for large-scale structures currently being investigated [37,38,39]. The possibility to change the tensile strength where geometric restrictions require a reduction of the load-bearing cross section may lead to greater freedom of design in the construction process. Therefore, a gradient from a low-alloyed steel (EN ISO 14341-A: G 3Si1) to a medium-alloyed high-strength steel (EN ISO 16834-A: G Mn4Ni2CrMo) was tested. All welding wires used were intended for use as GMAW electrodes.



To estimate the microstructure as well as possible weldability restrictions of the chemically graded structures, the positions of the new alloys were entered into the Schaeffler diagram, as shown in Figure 1.



All the work presented here was carried out using the plasma multiwire process, which is based on a common plasma (PTA) welding process. An electric arc burnt between a nonconsumable tungsten electrode and the workpiece, as shown in Figure 2a. Multiple wires of different chemical compositions were fed into the molten pool and built the final alloy in situ. The wire feed speed was changed during the running process, while the combined total wire feed speed was always kept constant, as shown in Figure 2b. At the start of the process, only material A was fed into the molten pool (time steps 0 to 1). During the transition time, the feed rate of material A was reduced, while the feed rate of material B was equally increased (time steps 1 to 2). In the last part of the weldment, only material B was fed into the molten pool (time steps 2 to 3). The wires were aligned with an angle of 20° relative to the workpiece surface and 30° between one another, symmetrical to the vector of the welding direction, as shown in Figure 2c. With the welding arc turned off, the wire tips just touched the workpiece surface below the plasma nozzle.



Regarding the welding equipment, a common plasma torch was used in combination with a wire feeding system. As wire feeding units, modified TIG welding power sources were applied. In order to achieve repeatable results as well as good shielding from atmospheric oxygen, different wire positioning units were constructed and tested. As the standard shielding gas nozzle of the plasma welding torch is not suitable for additive manufacturing, a combined wire positioning shielding gas unit was used to reduce the oxygen level around the welding area, as shown in Figure 3.



The wire feed units were controlled via computer-based measurement and control system. A labview program was written and allowed for repeatable wire feeding scenarios. The experiments presented in this article were carried out by generating wall-shaped structures with a chemical gradient from material A to material B along the longitudinal axis. The samples were divided into three characteristic zones: pure material A; transition area, which consisted of a linear change from material A to material B; and the zone of pure material B. Depending on the investigated material combination, different analysis methods were used. For investigating the macro- and microstructure of the samples, cross sections were analyzed. Investigations on the surface structure were done using a confocal laser scanning microscope. The chemical analysis of the samples was carried out using spark optical emission spectrometry (OES, SPECTRO Analytical Instruments GmbH, Kleve, Germany) and energy-dispersive X-ray spectroscopy (EDX, Bruker Corporation, Billerica, MA, USA). In order to characterize the strength distribution within the deposited structures, the hardness of the microstructure was determined using Vickers microhardness tests, as shown in Figure 4. In order to execute the hardness tests, wall-shaped structures with the effective dimensions 150 mm × 15 mm × 15 mm were produced, and longitudinal sections were prepared thereof along the centre line. The tensile strength was determined in parts with test specimens of the type DIN 50125–E2×6×20. The testing procedure was DIN EN ISO 6892-1, with 5 mm/min testing speed.



Based on the material combinations, different process gases were used. The optimization of the process parameters was carried out with the focus on process stability and low geometric errors of the weld beads. Table 3 gives an overview of the welding parameters used. The summarized wire feed speed was always kept constant, equal to the maximum wire feed speed. The current was reduced stepwise by 5 A per layer to compensate for the changing heat dissipation properties of the wall-shaped structures and to keep the geometric shape of the weld beads constant. In addition to the parameters shown in Table 3, experiments with changed process gases were carried out. Material combination 2 was also tested with I1-Ar as plasma gas and N2-ArN-2,5 (EN ISO 14175) as shielding gas to reduce the heat input and to increase the austenite range, leading to a finer grain structure. For initial tests, material combination 3 was welded using I1-Ar as shielding gas with the intention to investigate the possible loss of alloying elements. The interlayer temperature was measured with a contact thermometer (based on a type K thermocouple) on top of the last deposited weld seam. As soon as the temperature dropped below the limit value, the next weldment was started.




3. Results


3.1. Material Combination 1: G 19 9 LSi to G 3Si1


The initial test welds revealed a low geometric error along the three material zones. Wall-shaped, chemically graded structures were manufactured in multilayer as well as single-layer configuration without excessive geometric irregularities in the transition area. OES measurements showed that the desired chemical composition of the in situ alloy could be set very precisely in terms of the characteristic elements chromium and nickel, as shown in Figure 5. The expected value, shown in the OES diagrams, is based on the manufacturers’ specifications for the chemical composition of all-weld metal samples, including the expected loss of alloying elements by passing the electric arc.



On closer inspection of the microscopic area, however, the material combination showed minimal inhomogeneities in the distribution of the alloying elements in the transition area. The EDX analysis showed a periodical segregation of nickel and chromium per weld seam, as shown in Figure 6. Here, an increase in the chromium and nickel content can be seen along the vertical axis of the weld seam. This effect only occurred in local areas of the transition zone and has already been described in [22].



Hardness measurements showed an increase in the Vickers hardness all along the transition area, as shown in Figure 7. Parts of the transition area exceeded a hardness value of 400 HV1. The outliers located at positions 81, 86, and 112 mm could be explained by hidden microporosity below the prepared surface. Depending on the welding parameters and the shape of the produced samples, cold cracks occurred directly after welding. This effect was mainly observed when larger samples were manufactured and the heat input was increased.




3.2. Material Combination 2: G 18 L Nb to G 19 9 L Si


Based on the results of material combination 1, investigations followed on the material combination for the first use case. In order to determine the quality of the gradation, the chemical composition over the specimen length as well as Vickers hardness were determined. Wall-shaped structures were welded onto substrate plates of structural steel as well as high-alloyed chromium–nickel steel. Welding on substrate plates of structural steel was possible; however, on larger build-up heights, hardness cracks occurred between the lowest weld seam and the substrate plate. The main alloying elements that were changed along the welding direction were nickel and niobium. Similar to the first material combination, the OES analysis showed a linear change of the nickel content in the transition area, as shown in Figure 8.



The investigations showed that the resulting chemical composition could be precisely adjusted by changing the wire feed speed. Furthermore, an influence of mixing with the base plate within the first layers could be detected, which explains the slightly reduced content of nickel within the lower measuring line. Changes in Ni content inside the weld seams were not substantiated by the EDX analysis. Hardness measurements followed the longitudinal direction, as shown in Figure 9.



The hardness gradients showed an increase of hardness in the transition area. The hardening correlated with the prediction of a martensitic microstructure using the Schaeffler diagram. Although the transition zone showed an increase of hardness, it was much lower compared to the first material combination.



Figure 10 shows cross sections of a wall-shaped structure. The pure chromium steel showed a high amount of coarse grains, while the grains got finer with rising nickel content.



The grain size of the chromium steel could be influenced by adding nitrogen to the shielding gas, reducing the heat input and feeding small amounts of G 19 9 L Si from the beginning.




3.3. Material Combination 3: G Mn4Ni2CrMo to G 3Si1


For the second use case, welding experiments were carried out using a welding wire G 3Si1 in combination with a wire of the type G Mn4Ni2CrMo. As before, chemical composition and hardness were determined along the longitudinal axis of the wall-shaped structures.



The welding process showed a high stability and a high geometric accuracy of the weld seam. The starting and ending areas of the welded structures contained a low amount of porosity within the first 15 mm. Depending on the welding strategy, this effect could be suppressed. The results of the OES analysis showed a good accuracy regarding the content of the main alloying elements, as shown in Figure 11. In the starting and ending zones, a slight reduction of silicon and manganese was visible. This could be explained by a contamination with atmospheric oxygen, and it correlated with the porosity on those areas.



A linear change of hardness along the transition area could be observed, as shown in Figure 12. Measurement lines R1 and R2 followed exactly the expected values. However, the upper line of measurement (R3) showed a peak of hardness in the start and end areas of the sample. This effect was caused by the missing heat treatment in the upper weld bead. Test welds were carried out using I1-Ar as shielding gas to prevent a loss of alloying elements. Here, a higher sensitivity of the materials to porosity in the start and end of the weldments could be observed.





4. Discussion


The experiments showed that the plasma multiwire process was capable of producing chemically graded structures by dynamically changing the wire feed speeds. On a macroscopic scale, the chemical composition showed a linear change in the amount of alloying elements between the two materials for all material combinations. EDX analysis showed a change in chemical composition inside single-weld beads along the vertical axis for material combination 1. Although the process parameters varied slightly between the three material combinations, a qualitative comparison between the hardness curves along the longitudinal axes should be feasible. Basically, it can be seen that the larger the distance of the alloy positions in the Schaeffler diagram, the higher was the hardness peak in the transition zone. In the first use case, hardening-induced cold cracks were detected. Regarding the Schaeffler diagram (Figure 3) and the chemical composition in the transition area, the formation of a martensitic microstructure was partly expected. The manufacturing of tensile test samples was not possible for material combination 1 as milling was not feasible due to the occurrence of low-ductility phases (LDP) in the transition area. Similar hardening effects were observed when welding material combination 2 on a low-alloyed substrate plate. To a certain range of technically relevant material combinations, the formation of low-ductility phases in the transition area seems inevitable. This leads to the necessity of strategies to improve the fracture behavior despite the existence of low-ductility phases. One possibility of improving the fracture behavior is shifting the transition zones layerwise along the welding axis so that critical martensitic LDP phases alternate with austenitic higher-ductility phases (HDP), as shown in Figure 13.



By using this effect, the elongation can be increased compared to a transition area with pure LDP, and a linear change of material properties is achieved. This shows that the occurrence of LDP is not necessarily linked to bad structural behavior of the workpiece.



The investigated austenite–ferrite material combination should be further investigated with regard to technical applications, such as mixed pipe connections. Corrosion resistance and thermal expansion can be cited as examples. One of the requirements of the application fields for the materials G 19 9 LSi and G 18 L Nb is their corrosion resistance. This could be improved by suitable postweld heat treatment of the additively manufactured workpieces or possibly by adapting the path planning and cooling strategies during additive manufacturing for optimized heat propagation. As widely differing coefficients of thermal expansion in mixed joints can generally lead to undesirable stresses in the joining zone, the behavior of thermal expansion in the transition area should be characterized.



Furthermore, other technical applications, like the use of LTT alloys, seem to be promising for the manufacturing of highly functional workpieces with a low amount of residual stress and, at the same time, a high structural integrity. Initial attempts to use LTT alloys in WAAM for the reduction of residual stress and deformation have already been made [41]. The effects of LTT alloys in arc and beam welding have been investigated within the framework of SFB1120 TP A7 [42]. Here, the plasma multiwire technology seems to be suitable for the generation of more complex LTT-containing samples, which allows for a deeper understanding of the structural behavior of martensitic phases embedded in high-ductility phases.



Due to the slight difference in chemical composition, the fabrication of wires with alternating tensile strength showed no critical low-ductility phases. The hardness curves followed the expected values and pointed to good mechanical properties. This material combination seems to be a promising choice for the manufacture of workpieces with tailor-made material properties regarding tensile strength. Future work will adapt the results to easy-to-use CAD-based setting of material properties and perform deeper structural analysis of the multimaterial workpieces produced. Furthermore, the use of LTT alloys linked to an intelligent path-planning strategy will be investigated within the framework of SFB1120.




5. Conclusions


In this paper, the capabilities and restrictions of using a plasma multiwire process for the manufacturing of chemically graded materials have been presented. Based on three different material combinations, it has been shown that a change in the chemical composition of the molten pool in situ is possible by varying the wire feed speeds during the printing process. This allows for 3D-printed large-scale metallic structures with locally adjusted mechanical properties, thereby allowing highly complex structural component behavior to be achieved. The difference from current additive manufacturing of functionally graded materials lies in the in situ change of the chemical composition, which is commonly changed in layers.



Some restrictions, however, need to be considered. The formation of low-ductility phases may occur, especially for materials with large differences in the chemical composition. Initial experiments have indicated that it might be possible to avoid constraints in structural behavior by controlling the location of low-ductility phases by alternating low-ductility and high-ductility phases through intelligent path planning. The two presented applications for a ferritic-to-austenitic steel and low-strength to high-strength steel seem to be promising for hardness measurements. However, further tests on mechanical and chemical properties, such as toughness and corrosion resistance, need to be carried out in order to validate the use cases for technical applications.



Future process optimizations will focus on generating higher deposition rates using a GMA process as well as further investigations regarding material properties of the graded transition zones. The observed fracture behavior opens up a new field of research in the field of chemically graded structures.
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Figure 1. Position of the used material combinations in the Schaeffler diagram [40]. 






Figure 1. Position of the used material combinations in the Schaeffler diagram [40].



[image: Metals 09 00745 g001]







[image: Metals 09 00745 g002 550]





Figure 2. (a) Basic sketch of the plasma multiwire process; (b) schematic picture of the wire feed speeds during one weldment; (c) alignment of the wires. 
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Figure 3. Detailed view of the additional shielding gas nozzle, equipped with three wire feeding units. In the centre, the plasma welding torch that generates the required molten pool is visible. Although the system allows the feeding of up to three additional wires, all the presented experiments were carried out using only two wires, aligned as shown in Figure 2c. 
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Figure 4. Positions of the measuring points for OES and Vickers hardness. Hardness measurements for material combinations 1 and 2 were done only along the centre line. Hardness measurements for material combination 3 followed along all three lines. 
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Figure 5. OES analysis of the characteristic elements chromium (a) and nickel (b) along the longitudinal axis covering material A (G 19 9 L Si), transition area, and material B (G 3Si1). The point of maximum standard deviation is marked in red. 
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Figure 6. Energy-dispersive X-ray spectroscopy (EDX) measurements of chromium and nickel in the transition zone [22]. An increase in chromium content along the vertical axis of the weld seam is visible. 
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Figure 7. Hardness mapping along the longitudinal direction of the sample. The transition area is indicated by a sharp increase in hardness. The measurement line starts in pure G 19 9 L Si and ends on the right-hand side in pure G 3Si1. 
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Figure 8. OES analysis of the characteristic elements nickel (a) and niobium (b) along the longitudinal axis covering material A (G 18 L Nb), transition area, and material B (G 19 9 L Si). The point of maximum standard deviation is marked in red. 
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Figure 9. Results of the hardness tests along the longitudinal axis covering material A (G 18 L Nb) on the left side, transition area, and material B (G 19 9 L Si) on the right side. 
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Figure 10. Cross sections showing the changing microstructure of a wall-shaped, chemically graded structure. Material changing from G 18 L Nb (a) over the transition area (b–d) to G 19 9 L Si (e). 
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Figure 11. Amount of alloying elements along the longitudinal axis. The points are single measurements, so no standard deviation is given. 
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Figure 12. Hardness within a longitudinal cross section. The lower measurement lines R1 and R2 follow the expected values. The upper line R3 shows an increase of hardness at the start and end areas. The transition area shows a linear change of hardness for all three lines. 
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Figure 13. (a) Schematic picture of shifted transition zones and location of the test specimen. (b) Fracture behavior of a tensile test sample by alternating high-ductility phases (HDP) with low-ductility phases (LDP). 






Figure 13. (a) Schematic picture of shifted transition zones and location of the test specimen. (b) Fracture behavior of a tensile test sample by alternating high-ductility phases (HDP) with low-ductility phases (LDP).



[image: Metals 09 00745 g013]







[image: Table]





Table 1. Main alloying elements of the wires in mass percentage before processing. The data were obtained by spark optical emission spectrometry (OES) measurements on droplet samples generated from the wires and remelted under argon atmosphere.
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	Material
	C
	Mn
	Si
	S
	P
	Ni
	Cr
	Nb
	Mo





	G 3Si1
	0.088
	1.348
	0.936
	0.023
	0.011
	0.018
	0.024
	-
	-



	G 19 9 L Si
	0.015
	1.610
	0.756
	<0.010
	0.024
	9.680
	19.610
	-
	0.171



	G 18 L Nb
	0.023
	0.461
	0.414
	0.003
	0.029
	0.165
	18.740
	0.675
	0.040



	G Mn4Ni2CrMo
	0.246
	1.467
	0.953
	0.017
	0.021
	2.069
	0.417
	0.011
	0.576
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Table 2. Investigated material combinations and possible fields of technical application.
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	Material Combination
	Material A
	Material B
	Use Case





	Combination 1
	G 3Si1
	G 19 9 L Si
	General process behavior



	Combination 2
	G 18 L Nb
	G 19 9 L Si
	α-γ-transition elements



	Combination 3
	G 3Si1
	G Mn4Ni2CrMo
	Local high-strength zones
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Table 3. Range of the most important welding parameters.
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	Welding Parameter
	Combination 1
	Combination 2
	Combination 3





	Welding current
	110–165 A
	135–170 A
	155–175 A



	Welding speed
	20 cm /min
	30 cm/min
	20 cm/min



	Maximum wire feed speed
	3.5 m/min
	3.5 m/min
	3 m/min



	Plasma gas (EN ISO 14175)
	Ar + 5% H2 (R1)
	Ar + 5% H2 (R1)
	Ar (I1)



	Shielding gas (EN ISO 14175)
	Ar (I1)
	Ar + 2.5% CO2 (M12)
	Ar + 2.5% CO2 (M12)



	Interlayer temperature
	50 °C
	40 °C
	75 °C











© 2019 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 (http://creativecommons.org/licenses/by/4.0/).
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