
Stainless steel processing using additive technology
Tomasz Kurzynowski1, a, Edward Chlebus1,b, Bogumiła Kuźnicka1, c
1Wroclaw University of Technology
Centre for Advanced Manufacturing Technologies

Ul. Lukasiewicza 5

50-371 Wroclaw

Poland

aTomasz.Kurzynowski@pwr.wroc.pl , bEdward.Chlebus@pwr.wroc.pl , cBogumila.Kuznicka@pwr.wroc.pl 
Keywords: selective laser melting, metal powder, porosity, accuracy, CAD model, rapid prototyping, rapid manufacturing

Abstract. Rapid Prototyping Techniques (Layer Based Manufacturing Methods - LBMMs) give a possibility of producing highly complex geometrical parts directly from 3D-CAD data. At the beginning, LBMMs were used only for building prototypes from plastic materials for model visualizations and investigations of construction validity in early product development stages. Nowadays, LBMMs have transformed into additive technologies, capable of manufacturing objects from selected plastics and almost any metal (stainless steel, tool steel, titanium and its alloys, Co-Cr, aluminium alloys). For the metal technologies the objective is the capability to manufacture fully functional products (e.g. medical implants, inserts with conformal cooling channels for moulds) with customized mechanical properties. The paper will present results of research on one such technology – selective laser melting (SLM), in the Centre for Advanced Manufacturing Technologies at the Wroclaw University of Technology.
Introduction

The search for new products with individual properties, cost reduction and higher quality  has forced engineers and scientists to develop new materials, technologies and to optimize existing ones. Promising technologies to meet the demands for reduction of time and cost in manufacturing is rapid prototyping (RP), in which physical models can be fabricated directly from CAD data in a layer-by-layer manner [1].
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Fig. 1. Layers in a built part (a), scan tracks on a layer (b)
  One of these technologies is Selective Laser Melting (SLM) which uses wide range of metal powders. Metallic powders of single composition are successively melted in a micro zone by a laser and solidify with controlled porosity or almost full density. Scanning single tracks, layers and 3D models with different parameters were investigated and presented in this paper. 
Selective Laser Melting
The SLM technology is one of the LBMM/RT methods that create models by selectively melting layers of powder and are capable of creating geometrically complex parts, including internal structures.
The SLM method was developed in 2002 by Dr Matthias Fockele and Dr Dieter Schwarze. It is based on local melting of a thin layer of metal powder by a focused beam of an Nd:YAG laser with the maximum power of 100-200 W. The layers are created by depositing thin layers of powder (depending on the

grain size it may be from 30 to 100 μm), which are leveled by a wiper and then selectively melted by a laser, in areas within the cross-section through the model of the part at the current level (Fig. 2). The metal powder is dosed from a build powder container, where it is supplied by a system of valves from the main powder container [2]. After a pattern is remelted on a layer, the building platform moves down by a thickness of a layer, new powder is deposited and leveled and the process is repeated until the complete part is built.
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Fig. 2.  Model of the SLM machine (a), principle of the SLM technology (b)

A wide spectrum of metal powders may be used in the process, including stainless steel 1.4404, tool steels 1.2344 and 1.2709, titanium (pure - 1&2 grade, alloys TiAl6Nb7 and TiAl6V4), cobalt-based alloy 2.4723, nickel-based alloys Inconel 625 and 718, aluminium alloy AlSi12. This variety makes the system open and flexible. Accuracy of  the process is 0.1mm. Parts are built in a controlled atmosphere with the argon gas, which prevents oxidization, and achieve up to 100% density. The building speed is 5-7 cm3/h [3].
Parameters
In powder metallurgy it is known that the most important parameter that has the highest impact on mechanical properties is a porosity of produced parts. In additive technology a lot of parameters have an influence on the porosity. 
A lot of parameters have an influence on process. Here are the parameters that we can pre-set (e.g.  process parameters, powder parameters) and parameters that we can not pre-set, or they should not be changed (e.g. environment).
Environment - the atmosphere in which the process takes place, is the first thing to control in SLM. Non-inert particles, like oxygen, can react with the molten metal. This will influence the final properties of the component and should be avoided [4]. The controlled atmosphere is achieved with the argon gas, and the oxygen level is below 2%.
Temperature – the temperature in the building chamber can be set between 22˚C (room temp.) and 200˚C. The higher temperature is better for processing. The properties of metal powder are better (flowability, creating of layers) and it is easier to melt powder a layers with laser (preheated powder).
Powder – the next group of properties is the material that is used to produce the part. The choice is made by the engineer to obtain suitable properties for an application. For medical application the powder must be biocompatible (e.g. Ti6Al7Nb, Ti6Al4V), for industrial applications – depending on mechanical properties and the application (e.g. stainless steel, tool steel). The selected powder must be spherical. The shape determines possibility of powder processing. In SLM technology the powder is deposited with gravity through system of valves. If the powder was irregular it would stuck and smooth layer would not be created. Also the size of powder grains is important. In this technology thickness of layers is 20 - 100µm, so the maximum grain size can not be bigger than 100µm for 100µm layer thickness. For 75µm layer the grain size can not be bigger than 75µm. The same is for another layer thickness. 
Process parameters – there is more than 100 process parameters. This parameters influence the heat balance (scanning strategy, laser power), the building speed (distance between scanning points, scanning lines, time of scanning one point). Experiments that were taken in the Centre for Advanced Manufacturing Technologies at the Wroclaw University of Technology were meant to identify the influence of selected parameters on the density of produced parts – investigated parameters were:

· laser powder

· layer thickness
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· distance between scanning lines
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· distance between scanning points
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· scanning time of one point
Experiments

Experiments were meant to achieve the highest density in produced parts. Experiments that were taken shown the importance of choosing right parameters to achieve desired properties. 

First part of the experiment was the matrix of single line scans. They are after the single point, the smallest section of building parts. Single line scans consist of scanned points (Fig. 2a). The second part of the experiment were 3D samples (Fig. 2b)
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Fig. 3. Single scanning points and lines (a) and 3D sample (b)
 Results of the first part of experiment are shown below.
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Fig. 4. Matrix of “scanning time of 1 point” and “distance between scanning points”(a) and magnification of scan with parameters 500µs i 40µm (b)
The best quality of scanning single lines was achieved with the parameter “distance between scanning points”  with the value of 40, 80 and 120 µm on the whole range of parameter “scanning time per point” (Fig. 4a.). From this result the smoothest surface was chosen. It was six scans with 40µm distance between scanning points. A sample of this is shown in Fig. 4b.
The second part of the experiment of scanning single line was a matrix of parameters “laser power” from 75 to 100W and “scan speed” from 66,6 to 400mm/s (from 600µs to 100µs with the step of 40µm – result of previous experiment – on the 7mm length of side of scanning square). The best quality of surface of scanning single line was with parameters: 85W, 66.6mm/s ; 90W, 66.6mm/s ; 95W, 66.6mm/s ; 100W, 66.6mm/s. 

The results are shown below.
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Fig. 5. Results of experiment: scans with the best surface quality (I) and magnification of scan with parameters  85W i 66.6mm/s a); 90W i 66.6mm/s b); 95W i 66.6mm/s c); 100W i 66.6mm/s d) (II)
The second part of the experiments relied on building layer by layer 3D samples. The distance between scanning lines (Fig. 3a.) does not have an important influence on part density (Fig. 6), although it should not be more than 120 μm (the laser spot diameter is 180 μm).
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Fig. 6. Relation between density and distance between scanning lines [5]
The most important parameter which has the crucial effect on part density is the distance between scanning points (Fig. 3b). For set values: 40μm (distance between scanning points), 400μs (scanning time of one point), 120μm (distance between scanning lines) to obtain 99.9% density 90W laser power is needed. With maximum laser power (100W) it is possible to obtain 99.96% density (Fig. 7) [5].
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Fig. 7. Influence of laser power and layer thickness (distance between scanning points – 40 μm) on model density (a), micro-section of 50 μm layered model (b), micro-section of 75 μm layered model (c) [5]
Conclusion
This paper shows the importance of setting proper parameters to obtain preferable (customized) material density, which determines mechanical properties (end-user requirements) of a part being built. It is important for parts like inserts with conformal cooling (high density to prevent leakage).
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