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Component wear and the associated costs of idleness, acquisition and repair are considerable profitability factors in system operation [1]. Because often delivery of new parts is not possible on short notice, repair and reconstruction methods are economically attractive solutions [2]. 
The methods of deposition welding offer flexible solutions for this application. The use of electron beam technology is particularly suitable for this purpose. The exactly reproducible adjustability of the parameters makes possible a dosed power input. The layer thickness and fusion penetration can be correspondingly adapted to the requirements and distortions can be minimized. One special advantage is the minimizable degree of dilution between base material and filler, as a result of which not least the layer thickness or number of layers to be applied can be reduced in comparison to other methods. In contrast to conventionally processed systems, electron beam processed components feature a weld deposit overlay that is close to final contours. This reduces the cost of finishing.

Due to the adjustable electron beam feature in the point of coincidence of base material, beam and filler there are excellent opportunities for joining the base material and filler to each other and in the process not being tangent to the required component properties, as demonstrated with the presented examples. The process-related vacuum offers further advantages, since environmental influences are ruled out in the processing. As a result the technology can also become a key function for the deposition welding of special materials.

As a result of this technological advance the creation of the required vacuum does not pose a problem anymore.

1
Basics on combining Wire Feed and the Electron Beam Welding Process

Due to their high potential degree of automation electron beam (EB) welding systems allow an excellent reproducibility of process parameters and sequences. All process relevant data such as e.g. welding line geometry and speed, as well as performance and deflection data for the EB can be predefined in CNC programs which are externally generated or created directly at the machine via modern operator control modules. The regulation of the mechanical axes of movement with positioning precisions in the range of 1 / 100 millimeters can also be reproduced and realized in the process with complex, massive components.
Classical thermal electron beam technologies are carried out without supplying any kind of wires or strips during the process [3]. In order to equip the EB system for welding with additional material the integration of a filler wire supply unit in the vacuum chamber is necessary. This unit consits of a positioning device for the wire axes XD, YD and ZD as well as a wire supply. Regarding the wire supply unit, an approved industrial systems is used, built on the basis of so-called cold wire supplies and modified in correspondence to the EB specific process properties. The activation of the filler wire supply unit takes place via additional axes of movement which are likewise completely implemented in the control system and can be retrieved via the CNC. Thus also the parameters for the use of the filler wire, such as for example feed, start position, path change and withdrawal are fixed components of CNC-programs and can be correspondingly automatically called and implemented reproducibly for the respective welding process. 

Process sequences in electron beam welding with filler differ fundamentally from the classic EB processors, in particular when it is a matter of deposition welds. The filler material continuously supplied from the outside should be completely melted in deposition welding and base material lying underneath should only be heated up or melted to the extent that a secure metallurgical bond results.

With the employed filler wire system practically all commercially available MAG / MIG solid and metal powder flux cored wires with a wire diameter ranging from Ø0.8 to Ø1.6 mm can be processed. Slag forming flux cored wires are only conditionally suitable for the production of deposition layers, unless they are not supposed to be incorporated in the contact region of an electron beam deep penetration weld. 

Since filler wires sometimes differ considerably in structure and in material composition, for rapid development of parameters suitable for use a practical systematics was developed (compare Fig. 1 and 
Fig. 2
). 
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Fig. 1. 
EB – deposition welded structures - Schematic diagram
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Fig. 2.
EB – deposition welded structures, filler wire Ti-6Al-4V) – Macrosections
In this connection, in the first step parameters for achieving the desired layer thickness in the case of minimum dilution, desired layer width and ideal welding speed are determined on the basis of individual welding lines. After that an optimum overlap with regard to minimized lack of fusion and minimized variations of the surface topography is determined by the welding of several parallel lines. Finally the parameter optimization takes place for the welding of a multiple layer solids with several layers, as can be seen in 
Fig. 2
, as well as with one layer per plane.
The ultimate, final parameter determination for continuous deposition welding of single layer systems as piping or disk constitutes poses a special challenge, as shown by way of example in Fig. 3 to Fig. 5.

Such determined parameters form the fundamentals of linear, radial and axial deposition welding, as surface application or narrow individual beads. However, in addition complex lines can also be applied and slots such as grooves or pockets can be specifically filled even with the length and width of a few millimeters. The CNC control system makes pinpoint placement of the deposition weld possible nearly everywhere on the component. Thus the selection of the deposition welded geometry is only limited by the design of devices, component and vacuum chamber size.

2
Prominent process properties
With the use of filler conveyed continuously in the process a diversified new range of applications is open to thermal electron beam technology. This ranges from possibilities for metallurgically influencing joint weld seams to seam geometries such as fillet welds or various types of deposition welds all the way to rapid prototyping. From the plurality of positive process properties for deposition welding we will name only two here that are essential for industrial repairs and rapid prototyping:

2.1
Low fusion penetration / Degree of dilution
Depending on the welding task a minimum fusion penetration and degree of dilution between the basis material and filler can be called for. This is important in particular when the deposition weld serves the purpose of optimization of the component properties (e.g. armor, application of a functional layer), the filler and basis material differ from the composition and dilution is detrimental to the deposition layer properties. By means of the precise reproducible process parameter guidance as well as mechanical component guidance through the CNC control system the fusion penetration ratios and the degree of dilution can be securely set corresponding to requirements.
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Fig. 3. 
Process monitoring flange creation
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Fig. 4. 
Created flange as welded 
(base plate steel; filler wire G3Si1)
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Fig. 5.
Created flange after mechanical machining 
base plate steel; filler wire G3Si1)

Experience from practical application shows that e.g. in the application of hard layers on steel the weld deposit consists of pure filler from the 2nd layer. The fusion penetration in the basis material can sometimes be minimized in dependency on the material systems to the extent that in cross-sections practically no melting of the basis material is recognizable (compare Fig. 6 and Fig. 7). The technological properties of deposition layer and basis material can be precisely adapted to the requirements. 
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Fig. 6. 
Dilution in cross-section; Fe-Basis
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Fig. 7. 
Dilution in cross-section; Al-Basis
2.2
Purposeful alteration of the deposition layers geometry 
Via the control of the wire feed and of the beam parameters a targeted alteration of the deposition layer and surface topography is possible. With the electron beam it is possible to achieve narrow weld beads (width <1mm) and layer thickness per layer of circa 0.2 to 1.5 mm, even with the employed industrial standard wire supply unit. The narrow beads in the deposition welding of thin-walled structures, where a slight introduction of heat is necessary for a stable process, provide a special advantage (compare Fig. 8). 
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Fig. 8.
Thin-walled flange on a base plate (Base plate steel; Filler wire G3Si1)
For deposition welding of larger surface structures the exact distance between the weld beads is determined and reproducibly repeated by CNC – program. By combining narrow weld beads and defined distances the production of near net shape surfaces is possible, which among other things reduces the expense of rework to a minimum, as shown in the test piece in Fig. 9 and Fig. 10. 
[image: image9.jpg]Wl‘ N‘“H g

i





Fig. 9. 
Surface of radial deposition welded shaft

[image: image10]
Fig. 10.
Radial deposition welded shaft after mechanical machining
3
Implementation of the method for the repair of roller shafts

In the following we show the industrial use of electron beam welding with filler wire by means of an application example.

3.1
Roller shafts
Two high quality roller shafts made of tempered steel 34CrNiMo6V for use in a test station of a rolling mill exhibited serious wear and tear in the region of the bearing seats as a consequence of working load. Each roller shaft has an overall length of ~667 mm with a weight of 190 kg. Due to function and installation situation in the test station the roller shafts were divided into several sections, wherein the minimum diameter was ~Ø160 mm and the maximum diameter was ~Ø264 mm. Each shaft has a HIRTH serration for transmission of torque. The bearing takes place via one roller bearing seat each per shaft with a diameter of 240 mm and a length of 185 mm.

3.2
Initial situation
Through abrasion there were circumferential scratches on the roller bearing seats of both roller shafts over the total length of 185 mm with a penetration depth up to 0.5 mm. The roller shafts were no longer suitable for further use in this state. According to the manufacturer of the roller shafts remanufacturing would have led to both downtimes of several months and high recovery costs. Coating by means of electron beam and filler represented a promising time and cost saving alternative.

After working out harmed sections by machining down to a diameter of 237 mm the essential objective consisted in the restoration of the initial diameter of Ø240 mm and a machining allowance of 1 – 2 mm by means of radial deposition welding. The expenditure of reworking was supposed to be kept as low as possible, therefore a uniform and near net shape layer was called for. Individual indications in the deposition welding of up to 1.5 mm expansion were permissible. The introduction of heat was to be minimized such that if at all possible all other seats on the component can continue to be used without rework. In addition in the region of the HIRTH serration a temperature of 180°C was not to be exceeded in order not to destroy the surface treatment.

As a mechanical – technological property of the generated layer a surface hardness of the deposition layer of at least 27 HRc (corresponds roughly to a tensile strength of 900 N/mm² or approx. 266 HB) was required.

3.3
Development of process parameters from flats / approval samples

From a material point of view it was to be kept in mind that no cracks develop in the heat effected base material. Therefore the requirement of selecting a filler with a corresponding ductility at with mean hardness was necessary. 

In accordance with customer requirements the material DIN EN 14700 T Fe6 (“CORODUR 300”) was chosen. According to the manufacturer’s specifications “CORODUR FÜLLDRAHT GMBH” the filler wire is in particular well suited for the deposition welding of roller shafts. The weld deposit yields a good resistance against impact load and high pressures at a mean hardness of circa 280 – 325 HB.

In order to represent the achievable quality of deposition welding with the selected filler CORODUR 300, an approval sample was produced for the client. As basis material for the approval sample a sample of the tempered steel 34CrMo4 with a thickness of 20 mm was used. The generated deposition layer consisted of 2 layers and had a uniform thickness of von >2 mm. In a macrosection the investigation of fusion penetration and macroscopic indications took place (compare Fig. 11). 
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Fig. 11.
EB – deposition welded approval sample (Base plate 34CrMo4, filler wire Corodur 300)
The selectively occurring indications with an expansion <<1mm were permissible after consultation with the customer. In the macrosection of the sample the low fusion penetration ratios <1mm can be easily recognized. The heat affected zone extends ~1.5 mm into the basis material.

3.4
Deposition welding on roller shafts
Since the mass ratios in the comparison between base plates for the first parameter determinations and the real roller shaft entail the risk of parameter corruption, the customer provided a test shaft with original geometry and mass ratios.
For the setup of the deposition welding processes the supply of the filler wire to the component surface was first mechanically preset. The electron-optical view made possible the precise alignment of the point of impact between electron beam, filler wire and component surface. It was possible to transfer the previously recorded settings directly to the CNC – program, so that this operation only had to be carried out once both for the test shaft and for the original components.

In order to get a local statement about the fusion of the weld beads to the basis material as well as about the possible lack of inter-run fusion, the dye penetration method proved to be an effective means. As can be seen in Fig. 12, to this end 4 grooves each were ground on the perimeter of the individual segments transversely to the applied coating up to circa 2 mm below the level of the basis material. 
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Fig. 12
Testing of the deposition welded segments by means of dye penetrant testing

In this way it was possible to optimize the process parameters for deposition welding and generate a result corresponding to customer requirements by means of deposition welding in 3 layers in the case of a preheating of the entire test shaft of circa 80 – 100°C.

With the optimized process sequence and the determined setting the two original roller shafts were machined without additional expenditure. 
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Fig. 13.
EB – deposition welding process in action

An intervention in the welding process was only necessary after completion of a welded layer. The task of the machine operator was restricted to process monitoring as well as compliance with the necessary interpass temperature of circa 100°C in accordance with the determined preheating.

3.4
Results and Conclusion 

In Fig. 14 one roller shaft with finished deposition weld can be seen. The deposition welding of both roller bearing seats was accomplished within 2 shifts of 8h each. A total machining allowance of 4 – 5 mm was achieved with reference to the diameter of the roller shafts, so that the final diameter on the roller bearing seat was approx. Ø241 – 242 mm. Due to the especially smooth and near net shape surface the roller shafts only had to be ground. 
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Fig. 14.
Finished deposition welded original component
Measurements taken by the customer only found one negligible deformation of the roller shafts as a result of the welding process, so that the HIRTH - serration was used without rework.

According to feedback from the client the components are currently being used without any recognizable defects.
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