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Abstract

:

New alloys are needed to adapt the material properties and to improve the weldability of arc-based additive manufacturing processes. The classic development of welding filler materials is time-consuming and cost-intensive. For this reason, an alternative alloy concept is investigated and qualified here. This is based on the thin-film coating of welding filler materials by means of PVD coating. An HSLA steel DIN EN ISO 14341-A G 50 7 M21 is used as the base material. This is alloyed with the elements Al, Cr, Nb, Ni and Ti by means of PVD thin-film coating. This procedure represents an alternative alloy concept. In the scope of the qualification, the influence of the process and material properties is investigated, and the alternative alloying concept is compared with the classical alloying concept of secondary metallurgy. The investigations have shown that the thin film coating on the surface of the welding filler metal affects the process properties in the form of a changed arc length. Furthermore, the mechanical properties and the effect on the microstructure morphology were investigated. These were compared in the same chemical composition with a Mn4Ni2CrMo produced by secondary metallurgy. The results are in agreement with regard to the mechanical properties and the effect on the microstructure morphology.
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1. Introduction


The continuously growing interest in resource efficiency and the associated development of additive manufacturing processes continue to result in the need to develop adapted filler materials, especially for wire arc additive manufacturing (WAAM) [1]. The functional principle of additive manufacturing is a layer-by-layer construction of structures [2]. Additive manufacturing using metallic materials is divided into powder-based and wire-based additive manufacturing [3]. Adapted material development for powder-based materials with little effort is possible by mixing the powders accordingly [4,5,6,7]. Wire-based additive manufacturing by means of an arc, also known as wire arc additive manufacturing, requires a welding filler material in wire form [8,9,10]. A corresponding alloy development up to the wire-shaped welding filler material is very costly. However, the necessity of this alloy development lies in the newly gained design freedom of the components and the possibility of being able to locally adapt material properties in a targeted manner depending on the load, for which the corresponding alloys are required [11]. It should also be noted that when components are built up in layers, a low surface tension means that the dimensional stability cannot be maintained. This means that the required geometry and its tolerances cannot be guaranteed, which are relevant parameters [12,13,14]. However, to develop new filler metals for this case, it is necessary to prepare steel melts, to alloy them based on secondary metallurgy and to then draw a welding wire for the process [15]. This procedure is costly and time-consuming. For this reason, a new innovative alloy concept is investigated for the development of a new type of filler metal with regard to wire arc additive manufacturing. For this purpose, a thin film coating is applied to a welding filler wire.



HSLA (high-strength low-alloy) steel is used as a filler metal. These low-alloy filler metals can be alloyed very well by means of PVD thin-film coating due to the low proportion of alloying elements. Such materials are used for complex bionic structures or spare parts with an adapted chemical composition that has to be procured quickly.



For the development of an alternative alloying concept, it has already been proven by preliminary investigations that a change in the mechanical properties occurs through the application of thin-film coatings on solid wire surfaces. Furthermore, it was shown that an influence on the process properties is caused by the alloying elements present on the surface [16,17,18,19,20,21,22]. In addition, an influence on the process properties and explicitly on the characteristics of the welding arc was recognized. This is due to the ionisation potential of the thin film layer. A validation between the alternative alloy concept and a filler metal produced by secondary metallurgy is described here.



Within the scope of the investigations, it is to be determined how the influence on the process properties is pronounced and what the reasons are for this. Furthermore, it must be investigated whether the process influence has an effect on the resulting weld seam.



For qualification of an alternative alloy concept, the influence on the material properties must also be identical to the properties of the classical alloy concept of secondary metallurgy. For this purpose, the effects of the different alloying concepts on the microstructure morphology and the mechanical properties are investigated. If the results agree, the qualification of the alternative alloy concept is successful.




2. Experimental


For the investigations of the influence on the arc behaviour and the mechanical properties, the base wire is coated with a thin film layer by a PVD process. The base wire is selectively alloyed with the elements Al, Cr, Nb, Ni and Ti and thus modified. The base wire is a DIN EN ISO 14341-A G 50 7 M21 4Mo, a high-strength low-alloy (HSLA) steel with a chemical composition according to the manufacturer’s specifications in Table 1.



The welding tests are executed in spray arc, as the effects on the arc are best evaluated visually in this range. The process adjustment variables are listed in Table 2.



For the investigations of the coated filler metals, two test set-ups, which differentiate between the influence on the material and the process properties, are distinguished. With regard to the influence on the process properties, the effects on the welding process and explicitly the effects on the arc, and which changes occur in the resulting weld seam are investigated. For the investigation, a welding torch is clamped in a static holder. A substrate sheet is clamped to a fixture on a robot arm. The robot arm performs the welding movement by moving the sheet under the static welding torch. Using this experimental set-up, which is shown schematically in Figure 1 on the left, individual welding beads are welded on a sheet and examined in the following. The test set-up for investigating the mechanical properties is shown on the right in Figure 1. For this purpose, a welded composite is created, and the specimens for the material testing are taken from this composite.



A welding arc is very bright, so to be able to record it using a high-speed camera, it is recorded using the backlight method. For this, appropriate filters are used in front of the camera lens and a lamp with a high lumen value. This lamp shines directly into the camera. The welding process is carried out in the axis of the lamp and camera lens. Due to the static clamping of the welding torch and the execution of the welding movement by the robot, the welding process can be recorded optically.



Physical Vapour Deposition


The thin film coating applied to the surface of the filler wires is applied using magnetron sputtering, a physical vapour deposition (PVD) technology, which is a coating process [24,25,26]. Such a coating process is carried out in a coating chamber of a PVD system, which is shown in Figure 2. The process chamber in the case is a vacuum chamber, which is equipped with two external heaters on the sides of the process chamber and a central heater in the middle of the charging table. The charging table in the middle of the process chamber rotates during the process. The elements to be coated are placed in the form of targets on the six cathodes in the system. These targets are plates of pure elements that are dissolved from the surface during the process by physical vapour deposition and coat the substrate. The system used for the investigations is a CC800/9 Custom from the company CemeCon.



A process sequence for coating substrate first requires opening the vacuum chamber into which the substrate is placed on the charging table. To start the process, a component test is first run through. In this scope, a pre-vacuum is built up by a rotary vane pump, and a high vacuum is generated in the process chamber by means of two turbomolecular pumps. During the generation of the high vacuum, an argon atmosphere is simultaneously built up in the process chamber. The process chamber is heated to reach the process temperatures. The process includes a pre-treatment of the surface, which is declared as etching, which effectively represents a reverse coating. This pre-treatment improves the adhesion of the coating and removes impurities from the substrate. The actual coating process can then be started. During this process, the desired elements are applied to the surface of the substrate. During the process, it is also possible to create nitrides or oxides, which are produced by the targeted introduction of different gases by changing the atmosphere in the process chamber. After the coating process, the process chamber is cooled down and remains under vacuum. Once the aeration temperature has been reached, the vacuum pumps can be switched off, the system can be ventilated, and the substrate can be removed. Figure 3 shows the process flow in simplified form.



The substrate, or in this case, the filler metal, is wound on the charging table, which is located in the coating chamber (Figure 2). To achieve a uniform coating of the welding wire, the charging table is continuously rotated during the coating process. By heating the process chamber, the coating adhesion is improved. A thin film coating on a welding wire is schematically shown in Figure 4 on the left. A matching wire grind is shown on the right side in Figure 4. To create the wire grind, the welding wire is embedded, ground and polished, and photographed under an optical microscope.





3. Results


3.1. Influence on the Arc


Figure 5 shows the individual arc recordings of the modified filler metals. The mean arc lengths over the process are shown as an example. The mean arc lengths were averaged over 50,000 frames per second. The modified filler metals with the elements Al, Cr, Nb, Ni and titanium to be investigated are shown. In addition, the base wire is examined. Usually, this is supplied with a copper layer, which represents the base wire + Cu. However, for the investigation of the modifications, a bare white wire without a copper layer is used. For this reason, these two types of base wire are also examined.



The first theory explaining the change in arc length is that it actually remains constant and only the exposed part of the arc appears longer or shorter. This means that with a shorter arc, a large part of the arc is covered, and the arc base is moved deeper into the component. This would result in an increase in the burn-in. To test this thesis, the individual beads are separated, and the seam geometry is closely examined. The comparison of the different seam geometries shows that the seam volume, the width and the penetration change. If the penetration is set in relation to the arc length, a correlation between exposed arc length and penetration can be recognised. However, this is not a question of a constant arc length that shifts. It can only be said that the depth of the penetration decreases with increasing arc length. Furthermore, current and voltage were recorded during the welding tests to be able to recognise an influence on the applied power and a possible change in the values due to the coatings. For the evaluation, interpolation times of 1 s and 10 s were selected for each recording. The welding current source is a source with constant voltage characteristics. This means that the present source regulates the current and tries to keep the voltage relatively constant.



According to Li [29], the arc length is also dependent on the current. The shorter the arc, the higher the current and the lower the voltage. The same applies analogously for a longer arc. This relationship becomes apparent when an extension of the arc is considered, and it results in a greater distance being passed. The voltage increases accordingly. If the distance is shorter, a lower voltage is necessary, and a higher current can be transported. However, the recorded values show that the current increases with aluminium and especially with titanium. However, the greatest arc lengths can be seen with these two coatings. These values are in clear contrast to the theory that with a longer arc length, the voltage increases and the current decreases. In addition, increasing the current usually causes a larger burn-in. This is not the case here because the penetration decreases for both aluminium and titanium. However, this theory refers to a constant burning arc, where all parameters remain the same except for the distance of the torch to the workpiece, which changes the arc length and counter-regulates the current source. Under these constant conditions, the behaviour of current and voltage in relation to the arc is exactly as described. In this work, however, the nature of the welding wire is changed, which has further effects on the arc and its properties.



Due to the thin film coating of additional elements on the wire surface, there must be effects on the arc that change its length. Another theory is the energy required to bring an element into the gas phase. For this purpose, the sublimation energy is used and related to the layer thickness and its element-dependent molar mass. The necessary sublimation energy to be applied, here related to 1 mm3 wire, shows that different energies can result. However, no analogy can be drawn between the necessary energies and the resulting arc length. Furthermore, an influence of the electrical conductivity of the coated elements was considered. The conductivity of the outer layer is of relevance in the contact point of the current contact tube, since with constant power in the system and a variable electrical conductivity, the voltage dropping in the contact resistance varies and, accordingly, the voltage in the arc is changed relatively. The measurement of the resistance is measured by means of a test rig that determines the resistance at electrode caps for spot welding. For this purpose, the wire is positioned between the two electrode caps and pressed together with a test force of 100 N. The resistance of the wire is then measured. The resistance of the wire is then determined in the current contact tube. There are no contact forces in a current contact tube, but the test force is set at 100 N to reduce the measurement inaccuracy when determining the resistance. In the theory of variable electrical conductivity in the current contact tube, an aluminium oxide layer must be assumed on the weld filler coated with aluminium, which considerably reduces the conductivity of aluminium. However, this behaviour could not be proven after measurements of the conductivity of the individual layers. However, a force of 100 N was applied to the wire to obtain a higher accuracy for the measurement. Under certain circumstances, this force may have been sufficient to break up the oxide layer. However, it is noticeable in the set-up of a welding device that the wire in the wire conveyor unit is subject to similar forces, which break up a possible oxide layer, analogous to the test set-up.



From the investigations, an influence on the ionisation in the arc results. According to Schellhase [30], the element with the lowest ionisation energy decisively takes over the ionisation state in an arc. Even traces of metal vapour have a major influence. The ionisation state refers to the electrical conductivity and the temperature in the arc.



The ionisation energies of aluminium and titanium have a lower necessary energy than iron in the different ionisation states.



Figure 6 shows the arc temperature plotted against the ionisation potential. The line in the diagram includes the theoretically calculated values and the crosses represent the experimentally determined values for a MIG process. It can be seen that aluminium and titanium each have a lower ionisation potential than iron. A lower ionisation potential means a higher ionisation of the gas, which in turn causes an increase in ions and electrons in the arc. A higher number of electrons means that more current can be transported.



As a result, the conductivity of the arc increases and the voltage does not increase with a longer arc length. Furthermore, due to the lower ionisation potential, less energy is needed to obtain more electrons in the arc. This energy is then, in turn, available to the arc to keep the extension stable. In this study, aluminium is the element with the lowest ionisation potential but does not have the longest arc length. The diagram in Figure 6 shows that aluminium lowers the temperature in the arc. A reduction in the arc temperature results in a reduction in the electrons available in the arc, as thermal ionisation accounts for a large proportion of the ionisation in the arc. Furthermore, aluminium has a lower ionisation potential only in the first ionisation stage. The further ionisation stages require a higher energy input than is the case with titanium. It can be deduced that aluminium has a longer arc length compared to the base wire, as the ionisation energy of aluminium is lower. Furthermore, it can be deduced that titanium, however, has the longest arc length because titanium, in contrast to aluminium, does not reduce the arc temperature.



The investigations have shown that the arc length varies depending on the ionisation energy and the change in temperature of the arc plasma. The lower the ionisation energy, the higher the electrical conductivity in the arc, which increases the arc length. When the arc temperature is reduced, the thermal ionisation is lowered, which causes a reduction in the electrical conductivity. This reduces the arc length. When using the alternative alloy concept, it should be noted that the process properties are influenced in the form of the change in arc length. However, there is only a marginal effect on the weld [31,32].




3.2. Comparison of Alloying Concepts


As a comparison of the alloy concepts, the base wire DIN EN ISO 14341-A G 50 7 M21 4Mo examined here is modified in its chemical composition so that it corresponds to a Mn4Ni2CrMo. The Mn4Ni2CrMo was produced by secondary metallurgy. These two filler metals are compared in their microstructural morphologies and mechanical properties. A welded composite is created for this purpose, shown in Figure 7.



As a basis, the chemical compositions are first considered, which, according to the manufacturer’s specifications, should be present in the Mn4Ni2CrMo, be what the standard prescribes and be what is actually present in the alloy according to optical emission spectroscopy (OES). For comparison, the chemical composition of the alternative alloy concept is determined and listed in Table 3.



In the reference structure in Figure 7, on the left, a clearly ferritic/martensitic structure can be recognised. The ferrite is partly polygonal and an acicular ferrite. For comparison, the rebuilt modified 4Mo is shown on the right in Figure 8. The same ocular magnification is selected. The difference in the exposure ratios is not to be considered in the observation, as this has no relevance. The microstructure of the modified 4Mo has the same ferritic/martensitic microstructure as the microstructure of the reference. Here also, ferrite is present both as grain boundary ferrite and as acicular ferrite. From a purely microstructural point of view, no difference can be detected between the reference and the alternatively alloyed filler metal.



Beyond the microstructure, the mechanical properties should also be comparable. As proven several times in preliminary work and in the course of the project, a direct conclusion can be drawn from the microstructural properties to the mechanical properties. The interpass temperature maintained in this work was kept constant at 150 °C for all welding tests. Furthermore, it must be taken into account that the chemical composition varies in relation to the standard, the manufacturer’s specifications and the composition determined via optical emission spectroscopy. In two different investigations, significant differences in the yield strength and tensile strength of the weld metal were also determined. In none of the tests was the yield strength according to the manufacturer’s specifications achieved, and in only one was the tensile strength achieved. When comparing the strength values with the alternatively alloyed Mn4Ni2CrMo, it can be seen that the yield strength is comparable to the rest of the tests. The tensile strength is slightly below the specified values. However, as already described, this can also be attributed to the difference in the interpass temperature and the variance in the chemical composition. Due to the high scatter of the results, the alternative alloy concept is considered to have normal variance and to be comparable. Compared to the base wire, a significant increase in strength properties can be seen in Figure 9. The replication of an already existing alloy by means of thin film coating can be considered as successfully proven in this framework of HSLA steels.



The results from the investigations have shown that the alloying elements have the same effect on the microstructure as a thin film coating on the surface of welding consumables as they do via secondary metallurgy. When using the alternative alloying concept, it should be noted that a process influence occurs in the form of a change in the arc length. However, the weld seams are only marginally influenced. A qualification of the alternative alloy concept in comparison to a filler metal produced via secondary metallurgy could be made based on the microstructure morphology and the tensile strength. The agreement of the chemical composition shows minor differences here, which must be further investigated and adjusted in further studies.





4. Discussion


To qualify the alternative alloy concept, an existing filler metal produced by secondary metallurgy with the same chemical composition was produced with the reference wire by appropriate modification. When comparing the weld metal microstructures, no difference was found between the different alloying methods. The mechanical properties related to hardness and static strength showed marginal deviations. However, these can be explained by an inhomogeneous chemical composition and different welding parameters, and can therefore be neglected. It could be shown that alloying by means of PVD thin film coating on the surface of filler metals in the field of high-strength low-alloy steels is an alternative alloying concept. This can considerably reduce the effort of alloy development with regard to additive manufacturing with high-strength low-alloyed materials. During the production of specimens, only the influence of the welding process with regard to the change in the arc length has to be taken into consideration. However, this influence has no effect on the mechanical properties of the weld metal.



The results show that the alternative alloy concept can be used in the scope of high-strength low-alloy steels for the alloying elements that have been investigated. This is especially valid for the thin film coating and the correspondingly low-alloy contents. The qualification is successful for this application case, as the different alloy concepts match in their effects on the microstructure morphology and mechanical properties. A clamped tensile specimen is shown in Figure 10.



For further investigations, thin film coatings are to be produced in a continuous pass-through PVD system. This will lead to a more homogeneous coating and a more targeted adjustment of the chemical properties. Furthermore, influencing the surface tension of steel melts with regard to additive manufacturing is of major interest. By means of the thin film coating, a targeted adjustment of the melt pool of steel melts can be made. Considering additive manufacturing, an improvement in the shape retention can be achieved by the modification. In addition, it is possible to adapt the chemical composition of the filler materials locally and specifically to the loads on the component and the mechanical properties required. In this way, higher flexibility in the production of complex components can be achieved.




5. Conclusions


The results of this work are as follows:




	-

	
Qualification of an alternative alloy concept;




	-

	
PVD thin film coating influences the arc length of the welding process;




	-

	
Alloying elements on the surface of filler metals behave the same way as filler metals produced by secondary metallurgy;




	-

	
The mechanical properties and effects on the microstructure morphology do not differ in the different alloying concepts;




	-

	
Reduction in the effort to create new alloys for the additive manufacturing of HSLA steels.









The results of this work qualify the alternative alloying concept for HSLA steels, and further investigations can be carried out within this framework. This will be the basis for another tool for extending wire arc additive manufacturing.
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Figure 1. Test set-ups process and material property. 
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Figure 2. PVD system. 
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Figure 3. PVD coating process [27,28]. 
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Figure 4. PVD coating on wire surface [16]. 
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Figure 5. Arc recordings. 
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Figure 6. Average arc temperature over the ionisation potential of the elements [30]. 
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Figure 7. Welded composite. 






Figure 7. Welded composite.



[image: Applsci 12 06619 g007]







[image: Applsci 12 06619 g008 550] 





Figure 8. Microstructure morphology Mn4Ni2CrMo secondary metallurgy (left) alternative alloy (right) at 500× magnification. 
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Figure 9. Tensile strength different alloys. 
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Figure 10. Clamped tensile specimen. 
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Table 1. Chemical composition DIN EN ISO 14341-A G 50 7 M21 4Mo [23].
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	C
	Si
	Mn
	Mo





	0.09
	0.7
	1.95
	0.5
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Table 2. Process adjustment variables.
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	Process
	Standard





	Shield gas
	Argon



	Stick out
	18 mm



	Wire diameter
	1.2 mm



	Wire feed speed
	9.5 m/min



	Current
	300 A



	Voltage
	31 V



	Voltage correction
	+3 V



	Welding speed
	50 cm/min
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Table 3. Chemical composition.






Table 3. Chemical composition.












	
	Manufacturer Specification [33]
	DIN EN ISO 16834
	Mn4Ni2CrMo

OES
	Alternative Alloy OES





	C
	0.09
	0.12
	0.118
	0.130



	Si
	0.8
	0.60–0.90
	0.454
	0.655



	Mn
	1.8
	1.60–2.10
	1.190
	1.60



	Cr
	0.3
	0.20–0.45
	0.443
	0.540



	Mo
	0.55
	0.45–0.70
	0.426
	0.420



	Nb
	-
	-
	0.009
	-



	Ni
	2.25
	1.8–2.3
	1.619
	1.67



	Ti
	-
	-
	0.013
	0.002
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