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The atmosphere in powder-based additive manufacturing influences the level of impurities inside 

the build volume as well as the phases formed during cooldown. We use a thermodynamic model to 

investigate trends for steels commonly considered for fusion reactors and power plants, namely 

316L, F91, F92 and Eurofer97. The atmospheres considered are vacuum (similar to electron beam 

methods) and gaseous atmospheres based on nitrogen and argon, with impurity levels of 10 and 

100 ppm O2. 

1. Introduction 

Laser powder bed fusion (LPBF) is an additive manufacturing (AM) technique with the ability to 

create complex parts with internal structures. Therefore, it has also attracted interest in applications 

in fusion energy reactors [1], [2]. Typically, the composition of the starting powder is chosen to be 

what the desired, final, composition of the built part needs to be. This assumes that there is no 

additional pick-up or loss due to different atmospheres during the AM build phase. The material 

composition of the component is, however, crucial for activation [3], material behaviour and the 

related nuclear regulation. The composition will also affect the solidification behaviour and the 

resulting microstructure. 

In this work, we investigate, through thermodynamic modelling, the influence of the build chamber 

atmosphere on the as-built composition for a limited number of fusion-relevant steels. This would 

allow the formulation of build atmosphere conditions for specific alloys, in order to end up with the 

desired material composition and microstructure. 

2. Experimental methods 

2.1 Materials 

The steels chosen for this study are 316L, F91 and Eurofer97 (or Eurofer for short) [4]. The 

compositions considered for the modelling input are shown in Table 1. For elements with a 

concentration range in the alloy specification, a mid-range value was selected. We assume that 

there is no oxygen in the source material, while in practice the concentration in the powder will 

depend on the supplier, manufacturing process and storage method [5]. 

Table 1: Compositions (in wt%) for all materials, used as input to the thermodynamic model. 

Material Cr Ni Mo Mn V Nb W Ta Si P S C N O 

316L 18 10 2.5 0.45 - - - - 0.5 0.03 0.015 0.03 0.1 - 

F91 9 0.4 1.0 0.45 0.22 0.08 - - 0.35 0.02 0.01 0.1 0.07 - 

Eurofer 9 - - 0.4 0.2  1.1 0.12 0.05 0.005 0.005 0.11 0.045 <0.01 

 

2.2 LPBF environments 

Our thermodynamic models are valid up to 2500 °C, and this is within the reported 1600-2200 °C 

peak temperature range that has been demonstrated through LPBF experiments and modelling [6]–

[11]. In our model, we assume an upper bound of 2000 °C as the peak temperature that the 
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material observes. We also assume that at this temperature, the melt is in equilibrium with the 

atmosphere.  

 

The thermodynamic model requires the incorporation of a certain volume fraction of gas, which is 

related to the porosity of the powder bed and the bed’s interaction with the atmosphere above. For 

loose, random packing of spheres, a void volume fraction of 40-41% is expected [12]. Experiments 

have established a void fraction of 35-55% for realistic particle size distributions [13] and models 

use a fixed 30% [8] or 40% [9]. For our thermodynamic calculations, we use a fixed gas fraction of 

40%. 

 

Finally, we consider 4 different atmosphere compositions, which are listed in Table 2. They are a 

combination of different oxygen, nitrogen and (inert) argon pressures, as well as vacuum. The latter 

is most applicable to an electron-beam powder bed system, although some sub-atmospheric 

deposition has also been performed with an LPBF setup [14]. Typical LPBF systems operate in Ar 

pressures, with oxygen controlled to below 1000 ppm or even below 100 ppm [15]. 

 

Table 2: Overview of different atmosphere conditions used in the thermodynamic model. 

Atmosphere 
descriptor 

Pressure O2 N2 Ar He 

N2 + 100 ppm O2 1 atm 100 ppm balance - - 

Ar + 10 ppm O2 1 atm 10 ppm - balance - 

Ar + 100 ppm O2 1 atm 100 ppm - balance - 

Vacuum 4·10-3 mbar - - - 4·10-3 mbar 

 

2.3 Thermodynamic modelling 

The thermodynamic software package FactSage 7.3 was used for the modelling. A combination of 

pure substances, oxides and steel alloy databases were used for performing the modelling 

calculations. All modelling was based on 100 g of alloy and the extracted data can be found in Ref. 

[16]. 

The thermodynamic model does not include any kinetic information. This means that the speed at 

which the stable phases are formed is unknown. However, the thermodynamic calculations predict 

the experimental results reasonably well, especially at high temperatures. Within the small amount 

of material that is quickly melted to high temperatures during the AM process, we expect the phase 

composition to be close to the model. We used the equilibrium model to estimate the changes in the 

composition under different temperature, pressure and atmosphere. This model gives equilibrium 

amounts of phases and composition of liquid, solid and gas phases.  

To estimate what phases form during solidification, we used one assumption, namely a Scheil-

Gulliver cooling model. This model assumes perfect mobility in the liquid phase, but no changes in 

the solid phase. Applying this cooling model, allows us to build up a picture of what a solidification 

composition might look like. The cooling process in LPBF is much faster than the slow cooling 

assumed here, so more deviation from the model can be expected [17]. 

3. Results & discussion 

3.1. Vacuum conditions 

Under the vacuum conditions specified, all elements vaporise quickly after melting. It is, therefore, 

crucial to keep the heating localised and short, e.g. through the use of electron beams instead of 
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lasers. Experimentally, it has been found that at these low pressures, the vaporisation of elements 

indeed starts to affect the quality of the LPBF deposit [14]. 

3.2 Equilibrium conditions 

If we assume that the melt pool is in thermodynamic equilibrium at 2000 °C, we can identify the 

different phases present in the powder bed at that point. For all materials and atmosphere 

combinations considered, there is no oxygen-rich slag phase during melting, confirming that the 

maximum oxygen concentration (from atmosphere and powder combined) can be 100 ppm without 

creating inclusions. 

Figure 1 shows the calculated normalised concentrations of Cr, C and N in the melt at 2000 °C for 

Ar and N2-based atmospheres for all steels, as well as the oxygen concentration. The normalisation 

is done with respect to the starting concentration of each alloy. For all materials and atmospheres, 

the Cr concentration variation is less 1 % compared to the starting concentration. The carbon 

concentration is reduced when depositing in atmospheres with 100 ppm O2, with the 316L material 

being the most sensitive to this. In both cases, however, the materials remain within their 

specification. 

The nitrogen concentration at equilibrium is elevated for all steels in the N2 (100 ppm O2) 

atmosphere (approximately +10%), but especially for the case of Eurofer melt, which contains over 

60% more than the starting content. Based on these values, the 316L and Eurofer LPBF material 

would be out of specification once solidified. Experimentally a nitrogen increase of ~50 ppm is found 

in 316L LPBF in nitrogen atmospheres [18], which compares reasonably well to the ~100 ppm 

estimated from the thermodynamic model. In the Ar atmospheres, almost all starting nitrogen is lost 

according to the model, yet experimentally the loss appears to be maximum ~20 ppm for 316L [18]. 

However, the thermodynamic cooling model (section 3.3) shows that the nitrogen concentration in 

the material increases as it solidifies, which brings the model more in line with the experiment. 

The implication is that LPBF would require a tailored Ar atmosphere with carefully chosen N2 

content, if a specific nitrogen concentration in the steel is to be targeted, e.g. to remain within its 

specification. This N2 atmosphere content will depend on the type of steel and can be estimated 

using the thermodynamic model.  

The evolution of the equilibrium oxygen concentration (Figure 2) confirms the intuitive expectation 

that a higher oxygen concentration (100 ppm O2) results in a higher oxygen pick-up, though the N2 

atmosphere appears to reduce that somewhat. Between the different steels, the 316L melt appears 

far more sensitive to the oxygen level in the atmosphere, picking up ~10 times more in the 100 ppm 

O2 scenario compared to the 10 ppm O2 scenario.  

For a particular alloy and gas mixture, there will be an upper limit to the oxygen concentration in the 

LPBF atmosphere, beyond which excess oxygen absorption and oxidation occurs, resulting in 

poorly adhering deposits. For example, for 316L this appears to be above 1000 ppm O2 in Ar [19]. 

Even at lower oxygen concentrations, however, oxide layers can form and be incorporated into the 

deposits [20].  
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Figure 1: Normalised concentration of Cr, N and C in the liquid metal phase for all steels in different atmospheres. 

 

Figure 2: Oxygen concentration in the liquid metal phase of different steels in different LPBF atmospheres. 

 

3.3 Gulliver-Scheil cooling results 

Figure 3 shows the Scheil cooling data for 316L for different atmospheres, focusing on the metallic 

and non-metallic (e.g. carbides and nitrides) phases. The main difference here is between Ar- and 

N2-based atmospheres: the nitrogen appears to strongly stabilise the solidification of the FCC 
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phases as well as result in up to 1 wt% of compound phases. The melt pool also solidifies 

completely at a higher temperature (~880 °C) compared to an Ar atmosphere (~740 °C). The 

oxygen content variation in the Ar atmosphere changes very little in 316L. During the solidification 

process, the Scheil cooling model predicts the formation of SiO2 and (Mn,Fe) sulphide, which has 

been experimentally found in 316L deposited under Ar + 100 ppm O2 [15]. The carbon and nitrogen 

concentrations in the FCC and BCC phases for different LPBF atmospheres appear to differ only 

slightly for both Ar atmospheres, whereas it is distinct for the nitrogen atmosphere (Figure 4). 

Figures 5 and 6 show the Scheil cooling model data for the metallic and non-metallic phases of F91 

steel and Eurofer respectively. As with the case of 316L, the nitride atmosphere has a significantly 

different behaviour: more and different nitrides are formed earlier in the cooling process. 

Interestingly, however, is that these two steels exhibit some differences between the two different Ar 

atmospheres. The BCC vs FCC balance is only subtly changed, but differences are more 

pronounced when looking at the C and N fractions in these phases (Figures 7 and 8 for F91 and 

Eurofer respectively). Especially Eurofer appears to differ in the minority FCC equilibrium phase, 

which will affect its transformation upon cooling and thus the mechanical properties. 

 

(a)  

(b)  

Figure 3: Scheil cooling model data for (a) FCC and BCC metallic phases and (b) non-metallic compounds in 316L for different 

LPBF atmospheres. 
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(a)  

(b)  

Figure 4: Scheil cooling model data for (a) C and (b) N mass fraction in the metallic FCC and BCC phases of 316L for different 

LPBF atmospheres. 
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(a)  

(b)  

Figure 5: Scheil cooling model data for (a) FCC and BCC metallic phases and (b) non-metallic compounds in F91 for different LPBF 
atmospheres. 

(a)  

(b)  

Figure 6: Scheil cooling model data for (a) C and (b) N mass fraction in the metallic FCC and BCC phases of 316L for different 

LPBF atmospheres 
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 (a)  

 

(b)  

Figure 7: Scheil cooling model data for (a) C and (b) N mass fraction in the metallic FCC and BCC phases of F91 for different LPBF 
atmospheres. 
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(a)  

(b)  

Figure 8: Scheil cooling model data for (a) C and (b) N mass fraction in the metallic FCC and BCC phases of Eurofer for different 
LPBF atmospheres. 

4. Conclusions 

The phase composition and cooling behaviour of different steels in different LPBF atmospheres 

were assessed with thermodynamic calculations. While they cannot represent the nonequilibrium 

processes during AM, they are able to indicate the direction in which the materials will evolve, 

depending on the atmosphere. Careful oxygen and nitrogen control, included in the powder itself, is 

needed to tailor the microstructure and final composition, especially if the latter needs to be within a 

specific band for regulatory or radioactive waste management reasons. This opens up the possibility 

of tailored composition powders and/or atmospheres for AM of specific alloys. 
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