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Abstract
Directed energy deposition (DED) process is recognized as an alternative technology to produce the complex-shape AISI 
316L components. The critical production step in this technology is the optimization of process parameters that can directly 
affect the final properties of the components. To optimize the process parameters, the residual defects of specimens produced 
with different combinations of process parameters are evaluated, and the optimum condition is chosen. Therefore, the residual 
defects assessment is a vital step in finding the optimum process parameters; therefore, this evaluation should be carried out 
carefully. One of the main issues in the production of AISI 316L by DED process is oxidation during the process that should 
be considered besides the other defects such as porosity and cracks. However, the identification between the oxides and 
porosities is not an easy task, and so this study aims to provide more clear insight into the evaluation of pores and oxides in 
DED 316L samples. The outcomes of this work show that at the best process parameters suitable for a porosity-free sample, 
there are some oxides that can be misinterpreted as porosity and consequently deteriorate the mechanical properties of the 
dense sample.

Keywords  Metal additive manufacturing · Directed energy deposition · AISI 316L stainless steel · Process parameters · 
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Introduction

Metal additive manufacturing (AM) is a production technol-
ogy to build 3D complex-shape components layer by layer 
by using a computer-aided design (CAD) file [1, 2]. This 
process allows producing precise geometric shapes in the 
bottom-up method [3]. In recent years, there has been an 
increasing interest in AM technology to be used in different 
industries, such as automotive, aerospace and medicine [4, 
5]. The motivation for this interest is because of the flexibil-
ity in design and rapid productivity of metal AM technolo-
gies in the building of the complex and high-value parts in a 
single step [6]. There are two main types of AM techniques: 
powder bed systems and powder/wire feed systems [7, 8]. 

The main difference between these two AM typologies is 
related to the way of material feeding: in powder bed sys-
tems, there is a layer of powder that is selectively melted, 
whereas in powder/wire feed processes, as directed energy 
deposition (DED), the powder or wire is injected into the 
melt pool [9].

In particular, in the DED process, powder is directly fed 
into the melt pool, which is already generated using a laser 
beam on the surface of a metallic substrate or previously 
deposited layer. The energy provided by the laser beam 
allows melting the powder, which is delivered into the melt 
pool and deposited on the surface [10]. DED can be used to 
produce or repair the complex and high-value components 
[11].

In addition, the configuration of the deposition head that 
can be single or multinozzle or coaxial facilitates the produc-
tion of the functionally graded and monolithic components 
as well as in situ alloying. Therefore, through this flexibility, 
it would be possible to design the desired microstructures 
and chemical compositions for various applications.
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It is reported that to produce a fully dense part, the process 
parameters such as laser power, scanning speed, laser focus, 
hatch spacing, z-step parameter, powder feeding rate and pro-
tective atmosphere have important roles, and thus they should 
be optimized carefully [12]. In fact, defects such as residual 
porosity, cracks and oxides are intrinsic to the process and have 
a significant influence on the thermophysical and mechanical 
properties of the components as well as their corrosion resist-
ance [13, 14].

The last two decades have seen a growing trend towards the 
application of austenitic stainless steels in various applications 
such as petrochemical, automotive, power generation indus-
tries and biomaterial components [15, 16]. This increasing 
trend is as a consequence of their excellent intergranular cor-
rosion resistance. The traditional technologies such as welding, 
casting and plastic deformation like extrusion and forging are 
used to fabricate stainless steel components, but they are not 
able to produce the components with high levels of complexity 
[17]. Among the new developments, the DED process shows a 
great potential to be used as a reliable solution for the produc-
tion of complex near-net-shape parts with a lower amount of 
material. A considerable number of previous works have been 
focused on the production of AISI 316L using DED process. 
A large number of these works focus in particular on the effect 
of process parameters on the mechanical properties, corrosion 
and microstructure of DED materials [12, 18].

Nevertheless, the effect of oxidation during the process and, 
consequently, oxides formation, which is found to be delete-
rious for the final properties of steel components, are rarely 
considered and investigated. Apart from the effects of oxide on 
the final properties, their quantification and chemical composi-
tion analysis are not well established and reported. This lack of 
investigation is because of the difficulty in distinguishing the 
porosities and oxides in the standard metallography methods. 
Therefore, this paper attempts to provide a methodology for 
analysing the microstructure of AISI 316L, considering the 
right porosity and oxide identification.

Experimental Procedure and Results

Gas-atomized stainless steel 316L powder in the range of 
50–150 μm is used as a starting material. The chemical com-
position of the AISI 316L virgin powder is reported in Table 1.

Figure 1 shows the morphology of as-received AISI 
316L powder. As can be seen, the starting powder consists 
of mostly spherical particles, few irregular and elongated 
particles and small satellites. In addition to all the aforemen-
tioned characteristics, some signs of oxidation (red arrows in 

Fig. 1) are revealed on the surface of starting particles that 
can affect the final microstructure.

Indeed, these locally oxidized areas (red arrows in Fig. 1) 
can be found during the atomization process, and according 
to previous works, they are mainly rich in Si and Mn [9]. 
Moreover, it is found that the presence of these oxides in 
the surface of particles can play a negative role on the oxide 
formation during the DED process.

The DED process was carried out with an IRB 4600 
machine from ABB AB Robotics with 5 kW fibre laser 
equipped with a four-way nozzle which anticipates the 
laser. Argon with 99.99% purity and 5 l/min flow rate was 
employed as a carrier and shielding gas for metal powder 
particles feeding and melt pool protection, respectively. 
0–90° rotation per layer is selected as the scanning strategy.

Austenitic stainless steel plates with 100 × 100 × 10 mm 
size were employed as a substrate material for deposition. In 
order to remove the pollutions during the deposition, every 
plate was cleaned and degreased with acetone before the pro-
cess. The optimization of process parameters was performed 
according to the procedure reported in the previous work 
[12]. Thereafter, the standard instruction for metallography 
of steel alloys was used to evaluate their microstructure and 
residual defects in their building direction. The microstruc-
ture and oxide content of 316L alloy are evaluated at least in 
three samples. This method includes grinding by 500, 800, 
1200, 2500 grit paper followed by polishing down to 3 μm 
and 1 μm diamond abrasives. Then, polished surfaces were 
etched with a solution of 15 mL HCl + 10 mL HNO3 + 1 mL 
acetic acid. Etchant has been applied by immersion for 9 s. 
Microstructural observations were carried out on etched 
cross sections using the optical microscope LEICA DMI 
5000 M and scanning electron microscope (SEM) Phe-
nom XL with energy-dispersive X-ray spectroscopy (EDS) 
detector. The oxygen content of starting powder and cubes 

Table 1   Chemical composition 
of AISI 316L stainless steel 
powder

Composition C Si Mn Cr Mo Ni Nb Ti Fe

Wt.% 0.02 0.5 1.8 16.7 2.0 10 0.02 0.05 Bal.

Fig. 1   SEM micrograph of the virgin AISI 316L powder
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after the deposition was analysed using the inert gas fusion 
method by a LECO ONH836 Oxygen/Nitrogen/Hydrogen 
elemental analyser. The tensile tests were performed on 
DED samples built perpendicular to the building direction 
using a Zwick Z100 testing system using 8 × 10−3 s−1 as 
strain rate.

Figure 2 compares the optical microscopy microstruc-
tures of AISI 316L samples produced by DED using not-
optimized and optimized process parameters. In the first 
evaluations, both of them seem porous, and image analysis 
evaluation reports 3.6% and 1.3% porosity content for the 
samples with not-optimized and optimized process param-
eters, respectively. The first observations imply that even in 
the specimen with optimized parameters, still some spherical 
gas-induced porosities are present (Fig. 2b). However, after 
a careful analysis of those samples by SEM, surprisingly, 
it is found that the black areas in the microstructure are not 
porosity. As a matter of fact, different types of porosities can 
be detected after DED process. Spherical pores are gener-
ally referred as gas-induced porosities and appear during 
the interaction between the powder particles and the molten 
phase. Ejections as the vaporized metal from the melt pool 
or metallic vapours blowing away non-melted particles were 
found as potential causes of gas-induced porosity during the 
manufacturing of components. However, irregular pores that 
generally referred as process-induced porosity are formed 
due to the irregular flow in the melt pool or lake of fusion as 
a consequence of not sufficient heat input. The EDS maps 
reveal that the black areas are either enriched in oxygen 
and silicon or enriched in oxygen, silicon and manganese 
(Fig. 3). The presence of these oxides in the microstructure 
can cause a misinterpretation in the optimization of process 
parameters and consequently influence the optimization pro-
cess adversely.

As can be seen in Fig. 3, the black areas in the OM micro-
graphs are inclusions rich in oxygen, silicon and manga-
nese. In addition, according to the EDS maps, it is possible 
to underline that there are two kinds of oxides: the small 
oxides (almost 500 nm) are rich in silicon, whereas the larger 
ones (almost 5 μm) are rich in silicon and manganese. The 

formation of these oxides in the AISI 316L samples pro-
duced by DED can be possibly related to several issues, 
such as the high oxygen content of the starting powder, the 
high oxygen content in the deposition chamber and not well-
regulated shielding gas flow rate. Oxygen content analysis 
of cubic specimens after DED reveals that their oxygen con-
tent is around 1600 ± 67 ppm, which is almost five times 
higher than the value of the starting powder (350 ± 84 ppm). 
However, it should be noticed that the oxygen content of 

Fig. 2   OM micrograph of AISI 
316L produced by DED, (a) 
before optimizing the process 
parameters, (b) after optimizing 
the process parameters

Fig. 3   (a, b) SEM micrograph, (c–e) EDS maps corresponding to O, 
Mn and Si, respectively, of a dense sample produced by DED with 
the optimized process parameters
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the powder and bulk samples is the average of three meas-
urements. Moreover, the bulk samples were cut from the 
central part of each cube to have a same position for all the 
measurements.

Apart from the negative effect of these oxides on the 
optimization of process parameters, their influence on the 
mechanical properties of 316L materials processed by DED 
would be detrimental. Tensile properties of the samples are 
reported in the Table 2.

For example, the elongation of 316L samples consists of 
oxides decreases down to 22.57 ± 2.6%, while the elongation 
of the oxide-free 316L sample produced via DED is almost 
40% higher [7]. During the tensile test, the oxide inclu-
sions within the AISI 316L can behave as reinforcement 
and improve the mechanical strength sacrificing the elonga-
tion of the alloy [19]. However, it should be noticed that the 
strengthening efficiency of these inclusions was limited due 
to their size that this finding is in line with the literature [20, 
21]. Thus, for all the reasons, a careful control of the starting 
powder and deposition process is necessary in order to find 
the best process parameters that minimize the porosity but 
also the formation of the oxide.

Conclusion

It was demonstrated that in the case of AISI 316L produced 
by DED, the quantification of both the residual porosity and 
oxides formation plays a key role and should be carried out 
carefully during the optimization of process parameters. In 
fact, due to several reasons such as the high oxygen content 
of starting powder, the high oxygen content of deposition 
chamber and not well-regulated shielding gas flow rate, 
some oxides either rich in Si (very fine, around 500 nm) or 
rich in Si and Mn (coarse, about 5 μm) are formed within 
the samples. The formation of inclusion is found to be 
effective on the tensile behaviour of the dense 316L sam-
ples produced by DED so that they significantly reduce 
their elongation, but slightly improve their ultimate tensile 
strength. For a correct process parameter optimization, dur-
ing sample characterization, the oxides must be recognized 
considering them differently from the residual gas-induced 
porosity, thus reaching a compromise in the process param-
eters optimization in order to minimize both of them. All 

in all, it is interesting to note that to evaluate the porosity 
or oxide content of 316L samples, not only image analysis 
by OM is not enough, but also it is necessary to analyse the 
microstructure of as-polished samples via either SEM and/
or micro-computed tomography.
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