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Abstract  

Laser-Directed Energy Deposition was used to produce AISI 316L stainless steel samples. The effect of the 

protective atmosphere on the microstructure and mechanical performance of AISI 316L deposited parts was 

investigated by building samples using a simple nitrogen shielding gas or using a nitrogen-filled build 

chamber. The effect of the different processing conditions on the microstructure was evaluated by X-ray 

analysis, optical and scanning electron microscopy. Only slight differences in the cellular dendrites 

morphology of samples built under different protective atmosphere conditions were observed. However, the 

presence of oxides was monitored too: the oxides composition and area fraction were analysed and 

compared by image analyses, and it was demonstrated that the protective atmosphere mainly affects the 

oxides dimensions. The effect of the oxides and nitrogen pick-up on the mechanical performance of the 

samples was evaluated by tensile tests. The results revealed that the nitrogen-filled build chamber allowed 

the achievement of slightly higher tensile strength and elongation with respect to the other processing 

conditions as a consequence of the reduced size of the oxide inclusions.  

 

Keywords: Directed Energy Deposition; 316L; atmosphere; oxide; tensile properties 

 

1. Introduction  

AISI 316L stainless steel is largely used for applications that require a high corrosion resistance such as 

offshore petrochemical plants and orthopaedic implants [1,2]. Conventionally, to reduce the manufacturing 

cost of these components and facilitate the production process, two as-cast elements were welded together 

[3]. Nowadays, new technologies such as metal Additive Manufacturing (AM) are recognized as powerful 

alternatives to the conventional manufacturing ones for medium batch production of 316L components. 

Laser-Powder Bed Fusion (L-PBF) and Laser-Directed Energy Deposition (L-DED) certainly are the most 

common laser-based metal AM production technologies [4]. During a L-DED process, a focused laser beam 

melts the material directly fed through the nozzles on the previous layer or substrate [5]. The material, which 

can be a powder or a wire, rapidly melts and solidifies creating the scan tracks. This process is found to be a 

promising method to be used in the production of the various metallic materials made of steel, titanium, 

nickel, and aluminium alloys [6–9]. 
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Moreover, with respect to L-PBF, L-DED presents some advantages such as a high building rate, the possibility 

to repair metallic components, to produce functionally graded compositions and to build large parts [4]. The 

last advantage is mainly related to the possibility to create a protective atmosphere directly on the melt pool 

simply by an inert shielding gas. This technological advantage spares the usage of an inert gas chamber which 

generally restrains the dimensions of the parts, mainly because of cost and time issues. 

Recently the L-DED processability, microstructure and properties of 316L have been deeply investigated in 

various works [7,10–13]. The main results are that, as a consequence of the rapid cooling and of the 

directional thermal gradient, the microstructure of L-DED 316L parts is mainly made of large columnar grains 

containing fine austenitic cells surrounded by retained δ–ferrite [10,11]. This peculiar microstructure is the 

reason for the interesting mechanical properties of L-DED parts, which are generally higher than those of the 

same alloy processed by conventional technologies [7,12]. However, recent studies showed that many 

factors and processing parameters can affect the mechanical properties of L-DED 316L parts [2,7,12,14]. 

Zhang et al. and Ma et al., for example, showed that the Yield Strength (YS) and Ultimate Tensile Strength 

(UTS) of L-DED 316L strongly depended on the laser power and the scan speed used during the building 

process [2,12]. This effect was attributed to the reduced solidification rate and thermal gradient of the parts 

obtained using high power or low scan speed. Yadollahi et al. observed that the YS, the UTS and especially 

the elongation (ε) of  L-DED 316L parts were heavily affected by the inter-layer time interval [7]. The authors 

demonstrated indeed that a long time interval caused high solidification rates and thermal gradients and 

consequently fine microstructures characterised by high strength and low ductility values [7].  

Ma et al. demonstrated that L-DED 316L samples built with optimised parameters were characterised by high 

strength values, but the elongation did not reach the desired level [15]. The low ductility values were mainly 

attributed by the authors to the processing atmosphere and in particular to the oxides content in the 

deposited samples [15]. Saboori et al. recently demonstrated that the powder quality also has a strong effect 

not only on the YS and UTS of L-DED 316L parts but also on the elongation [16]. This phenomenon was also 

attributed to a large number of oxides present in samples built with recycled powder. Eo et al. investigated 

the relation of the mechanical properties of L-DED 316L parts realized with several building parameters and 

highlighted the role of the oxygen content [17]. In their study, the YS was proportional to the oxide numerical 

density indicating that the oxides had a strengthening effect [17].  

These studies showed that the melt pool oxidation plays a fundamental role in the quality of L-DED 316L 

parts. Therefore, recently, many authors studied the nature and the effects of the non-metallic inclusions in 

L-DED and generally in AM stainless steels samples. Song et al. demonstrated that the oxygen partial pressure 

had a strong effect on the chemical composition and the morphology of the oxides in L-PBF 316L samples 

[18]. Saeidi et al. showed that the very fine oxides (d= 50 nm) present in 316L samples processed by L-PBF 

are one of the reasons for the high mechanical properties of the alloy [19]. Lou et al., on the contrary, 

revealed that these inclusions have a detrimental effect on the toughness and stress corrosion cracking 

resistance of AM 316L parts [20]. It can be summarised that the oxide morphology and composition depends 

on various aspects such as the powder composition, the building atmosphere and the solidification conditions 

[17].  

Because of these reasons, questions about the best protective atmosphere conditions for L-DED stainless 

steel parts have been raised. The present work focuses, therefore, on the effect of the use of a N2 shielding 

gas or a N2 filled build chamber on the microstructure and the mechanical properties of L-DED 316L samples. 

2. Materials and methods 
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A commercial gas atomised 316L powder having a particles size in the range of 50-150 µm (d10=63.3 μm, 

d50=85.4 μm, d90=135.2 μm) was used for the production of L-DED samples. Scanning Electron Microscope 

(SEM) images of the fresh powder are reported in Figure 1 and show that the particles have an almost 

spherical morphology. Moreover, it is found that the starting powder includes some defects such as satellites 

(red arrows in Figure 1(a)) and inclusions (yellow arrows in Figure 1 (b)).  

 

 

Figure 1 SEM images of 316L particles; red arrows show the satellites, yellow arrows indicate the inclusions. 

The L-DED system used is a prototype produced by Prima Industrie S.p.A. composed by a 3-axis CNC unit 

described in our previous work [16]. The machine is equipped with an ytterbium laser with power up to 3 kW 

and four coaxial multi-nozzles. The powder was delivered by means of a commercial powder feeder using N2 

as a carrier gas. In order to study the effect of the atmosphere some samples were built using an N2 shielding 

gas (SG) with a flow rate of 30 (L/min) while other samples were realized in an N2-filled build chamber (BC). 

In the BC, other than the carrier gas, which brings the particles in the melt pool area, the only gas flow is 

located in the lateral part of the chamber and does not interact with the process. When the BC was used, the 

oxygen content was evaluated using a MultiExact 5400 – SERVOPRO sensor. The oxygen content was kept 

lower than 0.1 % during the whole building process. The oxygen sensor was not used during the SG building 

process as, in this case, the oxygen content varied within the process because of the movement of the 

deposition head. The samples were built on austenitic stainless steel plates having the following dimensions: 

150 ×150 ×6 mm. Block (10 x10 x20 mm) and bar (93 x 12 x12 mm) samples (see Figure 2) were produced in 

both conditions: SG or BC. All samples were produced using the optimised parameters described in [21] that 

allow the obtainment of fully dense parts.  

The block samples were cut along the building direction, polished down to 1 μm and etched for 2 s in a 

solution containing 15 ml HCl + 10 ml HNO3 + 1 ml acetic acid. The microstructural analyses were carried out 

by a Leica DMI 5000 Optical Microscope (OM), a Phenom XL SEM and a Carl Zeiss MERLIN Field Emission 

Scanning Electron Microscope (FESEM) equipped with an Energy Dispersive X-ray Spectrometry (EDS) system. 

The inclusion content was investigated by means of the ImageJ software on the SEM images with a high 

magnification taken along the building direction (see locations indicated in Figure 2 a)). The area fraction at 

different distances from the substrate (at every 2.5 mm) was calculated on three images taken at the same 

height. The Primary Cellular Arm Spacing (PCAS) was evaluated by the triangle method on SEM images taken 
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at 5000 X. In the triangle method, three central points of any three adjacent cellular dendrites form a triangle. 

The average PCAS of the three cells is the average of three lengths of three sides of cellular dendrites. Each 

mean PCAS value is achieved by averaging 40 measurements at different distance from the substrate. At each 

specific distance from the substrate, three images were acquired from the left to right side (along the X 

direction) [2]. 

 

Figure 2 Schematic representation of L-DED a) block samples (the dashed lines indicate the areas in which the SEM images were taken) 

and b), c) bar samples from which tensile samples were obtained.  

The contaminations content, in terms of oxygen, nitrogen and hydrogen, of the powder and the dense 

samples were analysed using the inert gas fusion method by means of a LECO ONH836 

Oxygen/Nitrogen/Hydrogen elemental analyser on three specimens extracted at different height from each 

block L-DED sample.  

X-ray diffraction (XRD) analyses were carried out on the XZ cross-section of the block samples using an X-Pert 

Philips diffractometer (Cu Kα) in a Bragg Brentano configuration with 2θ range= 20-110° (operated at 40 kV 

and 40 mA with a step size 0.013 and 35 s per step).  

Two tensile samples were machined from each 12 × 12 × 93 mm as-built bars (Figure 2 b) and c)). The tensile 

samples dimensions are based on the ASTM E-8 standard and had a 4 mm thickness (Figure 2 d)). The tensile 

samples were tested using a Zwick Z100 tensile machine using 8 × 10−3 s−1 as strain rate.  

3. Results and discussion  

3.1. Microstructure and composition 

In general, in L-DED materials grains and dendrites, morphology and size are defined by the thermal history 

of the component. Previous studies demonstrated that, due to the rapid cooling and to the directional heat 

flow, L-DED 316L parts are characterised by large columnar grains containing γ-dendrites and δ-ferrite mainly 

located in the interdendritic zone [11].  
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The optical micrographs of the cross-sections of the 316L samples reported in Figure 3 confirm these results 

and show that the microstructures of SG and BC samples were similar and that, in both cases, large grains 

containing micrometric cells were formed during the L-DED process.  

High magnification images (Figure 3c) and d))  reveal that the cells had various shapes and sizes depending 

on the location within the melt pool. Furthermore, dark spherical particles can be detected uniformly 

distributed in the cells and their boundaries in both images.  

 

 

Figure 3 Optical micrographs of the cross-section of 316L L-DED samples built with (a, c) SG or (b, d) BC. 

EDS analyses were carried out on these spherical particles in order to investigate their nature. The results 

reported in Figure 4 demonstrate that these non-metallic particles were rich in Si, Mn and O. In particular, 

EDS-line analyses highlighted that the larger particles contained Mn, Si and O while the finer ones contained 

only Si and O. The different size and chemistry indicate that during the building process oxides with different 

sizes were formed by specific mechanisms; the large and irregular oxides were generated due to the 

solidification of the slag layer, while the fine and spherical ones formed, upon the solidification, due to the 

low O solubility in steel [18]. The large oxide composition, detected by EDS, suggested that these are 

Rhodonite (MnSiO3) which is a metastable phase that, due to the rapid cooling, is generally found in 316L AM 

samples [22]. The small oxide composition indicate that these are  SiO2 which was also detected only in a few 

works [17,23].  
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Figure 4 EDS-maps of a 316L sample built using SG. 

The oxide area fraction results, reported in Figure 5, indicate the BC was more effective than the SG in 

preventing the oxidation of the material. In the BC case, in fact, samples have a lower oxide content than the 

SG ones along the whole sample height. As previously described, during the BC L-DED process, the oxygen 

concentration in the building atmosphere was monitored and kept below 0.1 %. In the SG case, on the 

contrary, the oxygen concentration might vary during the process due the movement of the deposition head. 

This different oxygen concentration might cause the different oxidation of the melt pool.  

It is interesting to underline, however, that in both cases, oxidation took place and that the oxide area fraction 

slightly increased with the sample height. This trend might be correlated to the cooling rate trend within L-

DED samples. The lower cooling rate of the higher part of the samples can explain the stronger tendency of 

the melt pool to absorb oxygen. Despite of having  different and more complex trends along the Z direction 

in both cases, an overall increasing trend can be revealed.  

The comparison of the SEM images of the upper part of the samples shows that the SG sample contained 

slightly larger oxides. The mean value of the oxide diameter resulted equal to 0.35±0.06 µm and 0.26±0.05 

µm for the samples built with SG or BC, respectively.   
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Figure 5 a) Oxide area fraction as a function of sample height of 316L samples built with SG or BC and SEM micrographs of the upper 

part of samples built b) with SG or c) with BC.  

The LECO data of bulk samples are compared in Table 1 with the fresh powder ones. The results demonstrate 

that both processing conditions (SG and BC) cause a nitrogen pick-up during the process. In particular, the 

nitrogen content of BC samples was slightly higher than that of the SG ones but it is within the standard 

values (1000 ppm) according to ASTM A240/A240M. The increase in nitrogen content is most probably due 

to the usage of N2 as protective gas during the L-DED process. Several studies also demonstrated that 

nitrogen is an important alloying element for stainless steel as it has several beneficial effects on its 

properties. Nitrogen can indeed increase the yield strength, the toughness the corrosion and the creep 

resistance of steels [24,25]. Because of this reason, using a nitrogen atmosphere during AM process, might 

be considered an easy method to slightly increase the N content of 316L parts.  

The comparison of the oxygen content shows that the BC is more effective in avoiding the oxygen pick-up 

during the building process. The SG sample has in fact twice as much the oxygen content with respect to the 

powder and the BC sample. It must be pointed out that a stronger difference in the oxygen/oxide content 

was detected by LECO than by image analyses, this might be due to the presence of extremely fine oxides 

hardly detectable by SEM.  A close look to the oxygen content of the powder and BC sample shows that this 

bulk sample has an even lower O content than the powder itself. This is probably due to the particles surface 

oxides that are considered in the results [14]. Based on the literature, the particles’ surface oxides generate 

the melt pool surface oxide (slag layer) and, as the AM process proceeds, part of this oxide melts and float 

on top of the subsequent melt pools [17].  

Finally, no hydrogen pick-up was found in the sample after the deposition in both conditions.   

Table 1 LECO results of 316L powder and bulk samples produced with SG or BC 

 
N  

(ppm) 
O  

(ppm) 
H  

(ppm) 

316L powder 9±23 354±2 6±1 
316L-SG  849±27 642±11 3±1 
316L-BC 945±28 346±1 4±0.5 

 

Even if these results suggest that the BC was more effective in protecting the part from oxidation, both oxide 

content values are generally acceptable as part of the oxygen content comes from the powder itself.    

Afterwards, the effect of protection mean, SG or BC, on the crystalline phase composition of 316L samples 

was evaluated by means of XRD analysis. Figure 6 reports the diffraction patterns of the starting 316L gas 

atomised powder and bulk samples built with SG or BC. The graph confirms that, in all cases, the 

microstructures consist mainly of austenite. Some differences related to the relative peaks intensity of 

powder and massive samples can be found. This diversity is due to the strong texture of L-DED samples 

caused by the substantial directional thermal gradient to which they are exposed during the production 

process [26]. Exploring in more detail the (200) peak (Figure 6b)), a slightly stronger texture can be observed 

in the BC sample pattern probably due to the different thermal conditions of these samples with respect to 

the SG ones [27]. As schematically represented in Figure 7, in fact, SG samples were surrounded by cold 

shielding gas while the BC samples by a more static hot atmosphere. Because of this reason, the BC samples 

had a more directional thermal gradient and therefore a stronger texture.  

Previous studies on AM 316L samples revealed the presence of the high-temperature δ-ferrite phase with a 

peak at 2θ= 44.3 ° [10,28]. In the present study, a slight hump right to the 42.9 ° peak was revealed in patterns 
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of both L-DED 316L samples. This might indicate a modest presence of the δ ferrite phase in both SG and BC 

samples that can be expected owing to a very high cooling rate during the L-DED process [28]. As a matter of 

fact, according to the Schaeffler predictive phase diagram, during the rapid solidification, the microstructure 

of austenitic stainless steel consists of austenite and δ-ferrite [29]. Nonetheless, it is interesting to underline 

that, depending on the proportion of Creq/Nieq, different δ-ferrite morphologies, such as eutectic, skeletal, 

acicular and lathy, can be obtained [29]. In the present study, for the gas atomised powder Creq/Nieq=1.69  

locates the composition in the FA (Ferrite-Austenite) region in the Pseudo-binary phase diagram, therefore 

skeletal or lathy ferrite should solidify depending on the cooling rate. With this solidification mode, at high 

cooling rates the solidifying ferrite consumes δ-stabilizers such as Cr, Mo, and Si and consequently, the 

residual liquid fractions are rich in austenite promoting elements, therefore leading to the possibility to form 

austenite [29]. Due to the L-DED rapid cooling, the high temperature δ-ferrite can be retained at room 

temperature in as-built samples.  

It is however also important to underline that nitrogen is a strong austenite stabiliser and that the Creq/Nieq 

might shift due to the N pick-up (Table 1). The Creq/Nieq of the samples calculated with the N content is 1.38. 

The N-pick up moves the composition from the 10 % to the 5 % ferrite and from the FA to the AF region of 

the Pseudo-binary phase diagram [25].  

 

Figure 6 a) XRD pattern of L-DED 316L powder, SG sample and BC sample and b) inset of a) between 40 and 55 °. 
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Figure 7 Schematic representation of the cooling condition of SG and BC samples. 

The presence of the δ-ferrite was confirmed by FESEM micrographs of 316L samples cross-sections (Figure 

8). The δ-ferrite of both samples is characterised by a skeletal morphology indicating an AF solidification 

mode from the liquid phase (L) that consists in [30]:  

𝐿 → 𝐿 + 𝛾 → 𝐿 + 𝛾 + 𝛿 → 𝛾 + 𝛿 

The FESEM images show also that the samples were characterised by very similar microstructures, however 

differences are hard to evaluate on single images due to fluctuation of cells size and morphology within the 

melt pool. Therefore, in order to clearly assess the differences in terms of cells size in the SG and BC samples, 

the PCAS values of the block samples at different height were evaluated by using the triangle method. In this 

method, proposed by Ma et al., a triangle is sketched so that its points are in the centre of three adjacent 

cells and the average PCAS is calculated as the average of the lengths of three sides the triangle [31]. 

 

 

Figure 8 FESEM micrographs of L-DED 316L samples cross sections built with a) SG or b) BC. 

The PCAS trend of the 316L SG and BC samples is reported in Figure 9 and, in both samples, it varied in the 

range between 2.8 µm and 4.5 µm and increased with the sample height. This trend was observed in previous 
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studies and is attributed to the different cooling rates in different distance from the substrate [16]. It is also 

interesting to underline that the last layer did not follow this ascending trend as it was characterised by a 

lower PCAS with respect to the previous one. This effect could be due to the lack of intrinsic heat treatment 

of the last layer [32]. Similar PCAS trends and values were observed in the samples built using SG and BC, 

confirming that the atmosphere did not affect the cooling rate and, accordingly, PCAS. It is worth to underline 

that the PCAS trend is similar to the oxides one (Figure 5) suggesting that the oxide size might be correlated 

to the cooling rate.  
  

 

Figure 9 PCAS as a function of the distance from the substrate for the sample built with SG or BC. 

3.2. Mechanical Properties 

Two representative tensile curves of 316L samples built using SG or BC are reported in Figure 10. The curves 

show that the sample built in the build chamber is characterised by slightly higher mechanical properties 

than that realized with the shielding gas. In particular, higher YS, UTS and ε were achieved thanks to the 

protective atmosphere of the build chamber.  
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Figure 10 Representatives tensile curves of L-DED 316L samples built with SG and in BC 

The mechanical properties of L-DED 316L samples, compared in Table 2, indicate that the build chamber 

allowed a 12% increase in the YS with respect to the SG condition. A slight increase in UTS and ε was also 

observed.  

As the main difference among SG and BC samples microstructure is to be found in the oxide content and size, 

the variation in the mechanical properties can be probably found in these inclusions strengthening 

phenomena [33]. As a matter of fact, both, oxide quantity and size, affect the Orowan strengthening which 

can be calculated based on the stress required to the dislocation to bow between inclusions. The shear value 

depends on the dislocation radius of curvature which is strictly correlated to the interparticles spacing (Sp). 

The presence of some oxides characterised by extremely reduced dimensions do not allow however an exact 

calculation of Sp and the Orowan strengthening for these samples.   

The increase in the elongation might be also correlated to the reduced oxides size and in particular to the 

improved interfacial bonding of smaller inclusions [34,35]. It is well-known, in fact, that ductile fractures in 

metallic materials arise due to the nucleation and growth of cavities. The formation of these cavities is strictly 

correlated to the presence of second phases [36]. The voids can indeed nucleate as a consequence of particle-

matrix debonding, if the local stress exceeds the interfacial bonding, or as particle cracking, if the stress 

exceeds particle strength. [37]. The debonding mechanism for the L-DED 316L samples is demonstrated by 

the presence of spherical particles in the dimples of the fracture surface (Figure 11). When the fracture arises 

based on this mechanism, a higher elongation will be observed as the inclusions size decreases thanks to the 

enhanced interfacial bonding  [36].  

These interesting mechanical properties of L-DED 316L samples built using N2 SG or BC can be also due to the 

N pick-up that arises during the L-DED process. The slightly higher N content of BC samples can also be the 
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reason for the its higher mechanical properties. As previously described, in fact, nitrogen has a strong solution 

strengthening effect on 316L by maintaining the same ductility [25].  

 

Figure 11 Fracture surface of SG 316L sample of SG samples 

In Table 2, the comparison of the mechanical data with literature shows that the present results are in line 

with the tensile properties of L-DED 316L samples built using similar processing conditions. The tensile 

properties of 316L samples built with recycled powder in the same SG conditions as those of the present 

work are reported [16].  These samples were characterised by a larger amount of oxides and it can be noticed 

that the elongation is strongly affected by the inclusion content as the higher is the oxide content the lower 

is ε. Among these samples, the BC ones were characterised by the highest YS and UTS probably due to the 

combined effect of the reduced oxide size and the higher N content.  

Data obtained by different authors in similar conditions are also reported [11,12]. However it is hard to 

correctly compare the tensile data only based on the different environmental conditions because, as 

previously stated, they can be affected by a considerable amount of factors such as process parameters, 

powder composition and oxide content.  

The tensile properties of wrought 316L are also reported for comparison and it is evident that with L-DED it 

is possible to achieve markedly higher YS but lower elongation. The high YS values recorded for L-DED 

samples are mainly due to the refinement of the microstructure obtained thanks to the rapid cooling. The 

UTS values of L-DED samples are only slightly higher than the wrought ones, probably because of the lower 

level of work hardening of AM samples [38].  

Table 2 Mechanical properties of 316L L-DED samples processed in different conditions and compared with literature data 

Conditions YS  

(MPa) 

UTS  

(MPa) 

ε 

(%) 

Ref. 

316L L-DED N2 SG 469±3 628±7 31±2 Current work 

316L L-DED N2 BC 530±5 670±6 34±1 Current work 

316L L-DED N2 SG used powders 458 ± 30 652 ± 44 16 ± 2 [16] 

316L L-DED horizontal BC 576.0 776.0 33.0 [11] 

316L L-DED Ar SG 558.0 639.0 21.0 [12] 

316L Wrought  220-270 520-560 40-45 [39] 

 

4. Conclusions  
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The effect of the L-DED processing conditions on the quality of 316L parts was investigated, and the main 

results are summarised as follows: 

 The oxide content and dimensions are influenced by the building conditions. The samples produced 

in a build chamber are characterised by the presence of finer oxides. On the other hand, LECO 

analyses confirmed that oxide content is doubled when using only the shielding gas.  

 The samples microstructure, in terms of cellular dendrite size, phase composition and cell size, is not 

strongly affected by the processing atmosphere. Only slight differences as regards the dendrite size 

were observed.  

 The mechanical properties are affected by the presence of a N2-filled build chamber. The most 

protective condition of build chamber allows an increase in the yield strength and elongation values, 

which was therefore mainly attributed to the different size of the Mn-Si oxide particles and to the 

different N content.  

To conclude, this study showed that mechanical properties of L-DED 316L samples built with shielding gas or 

N2-filled build chamber are extremely high with respect to those of the conventionally processed ones. The 

yielding strength of 316L is in fact about doubled as a consequence of the AM processing. The comparison of 

the protective conditions showed that the shielding gas was slightly less effective than that of the N2-filled 

build chamber one in limiting the material oxidation.  
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