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ABSTRACT

The additive manufacturing (AM) is a technology that produces 3D workpieces using a wide range of different metals as raw
materials. The aim of current research is to investigate the plasma nitriding effect on the Direct Metal Laser Sintering (DMLS)
produced samples. The direct current plasma nitriding treatment was achieved at 440 °C for 4 hours with 75 % N2 — 25 % H: gas
mixture. Before the treatment, the 316L austenitic stainless steels samples were ground with different methods to modify the surface
roughness. Scanning electron microscope (SEM), X-ray diffractometer, glow discharge optical electron spectroscopy, Vickers
microhardness tester and potentiodynamic corrosion test were used for the characterization of surface properties. The results

demonstrated that the surface roughness did not affect the outcome of the plasma nitriding.
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INTRODUCTION

Due to technology development, there are more and more
opportunities to create materials with different geometries. Not
only development within traditional subtractive processes
exists, but also within additive processes. The latter technology
is widely used in industries, universities, and medicines. This is
due to the relatively slow production, cost-efficient, precise
dimensional accuracy, and customizable geometry. In addition,
the finished product does not need other manufacturing pro-
cessing, but heat treatment is necessary [1-5].

For all AM (Additive Manufacturing) equipment, user-level
knowledge of a CAD (Computer Aided Design) program is
needed to create a model of the desired product, even with
sufficiently complex geometry. Based on the model, the
product can be built layer-by-layer [6,7,8].

In our research, 316L type stainless steel was produced with
Direct Metal Laser Sintering (DMLS). The DMLS procedure
starts by applying a thin layer of powder material to the build-
ing platform. After each layer, a laser beam fuses the powder at
exactly the points defined by the model [9]. When one layer is
done, the platform is lowered, and another layer of powder is
applied. At the point of the laser beam impact, the metallic
powder is locally melted, whereby the underlying layer is over
melted and then solidified [10-13]. This continues until the
product will be done. The thickness of one powder layer is
between 0.020 to 0.100 mm [14]. The major concern of the
DMLS process is the building time. Parts of even small-
moderate size may require more than 6-12 hours of processing.
Another concern is the part accuracy, which also needs to be
kept as high as possible. Minimizing the build time can reduce
the surface accuracy and vice versa [15]. Other disadvantages
of the technology are the porosity and the significant micro-
structure defects, but these can be reduced by optimizing the
parameters [16].

The procedure of the AM parts is well-researched area, but the
surface treatment may cause differences from the traditional
manufacturing technologies because of the different structure
and surface integrity. One of the main groups of surface
treatment is nitriding.

Low temperature plasma nitriding provides excellent wear
resistance with high surface hardness without decreasing the
corrosion resistance [17]. At this temperature (<450 °C), the
formation of chromium-nitride is inhibited [18-21]. During the
nitriding of austenitic stainless steel, a diffusion layer is formed
on the surface, which is known as S phase. If the nitriding
temperature is increasing, these precipitations result in the
depletion of free Cr, which causes lower corrosion resistance of
the surface. At higher temperatures, Cr and FesN phases can be
formed, which improved the wear resistance because of the
higher hardness than that of the S-phase [22-24]. Although the
wear resistance increases with the nitriding temperature, the
corrosion resistance decreases. This type of 316L steel is
mainly used in many industries and the fields of biomaterials
[25-27]. Lin et al. investigated the antibacterial rate to recog-
nize the antibacterial effect of the S phase. The test showed that
the untreated sample did not possess any antibacterial property,
but the nitrided samples displayed excellent results [28], which
was proven by other research groups [29,30]. A biocompatibil-
ity test was carried out by Martinesi et al. in collagen-coated
nitrided steel. They concluded that nitriding and collagen
coating could improve the biocompatibility of endothelial cells
[31]. Heras et al. said the low nitrogen content caused higher
corrosion resistance [32].

Austenitic stainless steels are commonly used metallic materi-
als for AM because there is no martensitic phase transfor-
mation [33-36]. A few years ago, coatings of additively
manufactured samples were getting come into focus.

Kovaci and Secer [37] plasma nitrided an L-PBF manufactured
samples at 400 °C for 2 hours with 50-50 % Hz-N2 gas mixture.
Different patterns (triangle, hexagonal, ellipse) were created
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from the base 316L powder. The plasma treatment increased
the surface roughness and the friction coefficient because of
the created hard abrasive particles.

Funch et al. [38] also used L-PBF to create 316L samples for
high temperature solution nitriding (HTSN). It was carried out
at 1100 °C for 2 hours at N2 pressure of 300 mbar. The aim
was not to create a nitrided layer, only use the solid solution
strengthening effect of nitrogen. The high temperature treat-
ment occurred in the loss of the cellular structure and fusion
boundaries. Godec et al. [39] adopted both the solution treating
to eradicate the residual stresses and nitriding. The specimens
were nitrided at 430 °C for 15 hours in a 75%H2 — 25%N: gas
mixture. The AM specimen hardness was higher because of the
residual stresses and the higher dislocation density. After
nitriding, the wear volume was significantly decreased against
other research [40], and rather the corrosion properties were
better than the commercial material.

The aim of this research is to combine the DMLS technology
and plasma nitriding. Properties of different surface roughness
were investigated to better understanding the effect of the
treatment.

MATERIAL AND METHODS

Sample preparation

316L stainless steel was used for the investigations with the
following chemical composition shown in Table 1. The EOS
M100 type of AM equipment was used to produce the samples.
The samples were made by DMLS in 20x30x6 size. The
technical parameters are the following: the building area is
0100 mm and 95 mm high; the laser type is Yb-fiber laser with
40 um focus diameter, adjustable 200 W laser performance and
7 mis scanning speed. Our samples were produced with 71 W
laser performance and 0.82 m/s scanning speed.

Table 1 Measured chemical composition of 316L (in w%)
compared with the given percentages by EOS and measured by
EDS

EOS Produced
Fe bal. bal.
Cr 17-19 20.06
Ni 13-15 12.79
Mo 2.25-3 241
C <0.03 0.00
Mn <2 151
Cu <05 0.00
P <0.025 0.00
S <0.01 0.02
Si <0.75 1.32

For the examinations, four samples were produced with the
same additive process. The surface preparation of the samples
was different, which is shown in Table 2. During the solidifi-
cation, 30 um splats were created, which caused an uneven
surface. Because of this phenomenon, four samples were used
with different surface roughness for the experiments. The
samples were ground with different SiC paper.

Table 2 Surface roughness of the samples with the number of
the SiC paper

Sample Grit Number Ra (pm)
NO originally produced 25
N1 80 16
N2 280 0.55
N3 4000 0.01

Plasma nitriding

The experiments of the direct current plasma nitriding were
made in customized laboratory equipment. The nitriding
process was carried out at 440 °C for 4 hours with 75 % Nz —
25 % Hz gas mixture at 2.8 mbar. Before the treatment, the
chamber was rinsed with argon gas. The 4 hours nitriding time

started when the sample reached the proper temperature. After
the process, the air was introduced into the chamber, and the
samples cooled down to room temperature. The temperature
was measured by using an isolated K-type thermocouple under
the workpiece.

Characterization methods

The hardness of the nitrided samples was measured with
Vickers microhardness tester (Buehler IndentaMet 1105, 50g
load). After the etching with Aqua Regia, the cross-sections of
the samples were observed by Zeiss EVO MA10 scanning
electron microscope (SEM). The composition depth profile was
analyzed using a Spectruma GDA Alpha Glow Discharge
Optical Emission Spectroscopy (GDOES). The chemical
composition was measured with Energy-dispersive X-ray
spectroscopy (EDS) of SEM. The analysis of the created
phases on the layer were performed with PANalytical
X’pertPro MPD X-ray diffractometer using an X’celerator type
detector with Cu Ka radiation, the scan parameters were 0°-90°
in 2 thetas, the wavelength was 1.54 nm, while the exposure
time was set to 0.3 s/step. The corrosion resistance of the
samples was evaluated by measuring polarization curves in
3.5 % NaCl solution using BioLogic SAS type SP-150 electro-
chemical working station. The working electrode was a
Hg2Cl/KCI calomel electrode as the reference electrode and
platinum was used as the counter electrode.

RESULTS AND DISCUSSION

Microstructure and hardness
Fig. 1 shows the surface of the samples before and after the
nitriding. It is seen in Fig. 1 a-b), the DMLS manufacturing
system created 30 pm spheres during the solidification, which
caused an uneven surface. It is also observed especially in
Fig. 1 g-h), the plasma nitriding caused a rougher surface than
the original because of the nitrogen bombardment.

Before After

100 um

e
Fig. 1 SEM images of the surface before and after the plasma
nitriding. The roughness of the surface a-b) 2.5, c-d) 1.6 e-f)
0.55 g-h) 0.01 pm.
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This surface area modification is negligible compared to the
unground surface. This increased area will have been important
during the corrosion measurements.

The nitrided layer and the hardness profile obtained from the
cross-sections of the nitrided sample surfaces are given in
Fig. 2. The hardness values of the untreated sample were
measured as 250 HVO0.05. The hardness profiles provide
comprehensive images about the hardness compared with the
depth of nitrided layers. The results show the hardness is even
along the nitrided layer, then the hardness decreased to the
substrate hardness under the modified layer. The expanded
austenite, called S-phase, has high hardness due to lattice
distortion caused by interstitial nitrogen atoms. It reduces the
mobility of dislocations and improves the mechanical proper-
ties of the layer [41]. Table 3. shows the maximum together
with the formed layer thickness.

Table 3 Layer thickness and maximum hardness of the treated
samples

Layer thickness Maximum hardness

Sample (um) (HV0.05)
NO 43 950
N1 44 910
N2 44 860
N3 43 1100

The layer thickness of the specimens is the same, while the
maximum hardness is different. It depends on the nitrogen
content of the layer. If the concentration of the nitrogen in-
creases, more reticular distortion causes a higher hardening
effect [42].

2"1 ﬁlﬂ a'n
Depth {um)

50 0 2 50 60

30 40
Depth {um)
Fig. 2 SEM images of the nitrided layer and the hardness
profile of the samples

20 30 40
Depth {um)

Characteristic of the layer

The XRD measurements were performed on the top of the
created layer, which can be seen in Fig. 3. As it can be ob-
served, yn is considered to be a saturated solid solution of
nitrogen in the austenitic phase. Besides this, CrN and FesN
were created, which means that the temperature was not
enough low to avoid this phase. Fig. 2 also referred to this
phase because on the microstructure images, the layer is not
even, there is some dark area through the zone.

The depth profiles of the nitrogen concentration are presented
in Fig. 4. The trends of the profiles are similar to each other.
They have a plateau-shapes. In this case, a slowly decrease can
be observed from the surface that followed by a rather sharp
leading edge [43]. The N3 sample has the highest nitrogen
content, which corresponds to the hardness value. The diffu-
sion depth measured by GDOES is consistent with the scan-
ning electron microscopy micrographs. The nitrogen is de-
creasing from the surface to the base nitrogen content as 19
at%. According to the results, the previous surface preparation
did not influence the nitrogen diffusion to the material.
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Fig. 3 XRD pattern of nitrided layer on AISI 316 austenitic
stainless steel

Corrosion test

Tafel plots were used to resolve the corrosion resistance of the
plasma nitrides (NO, N1, N2, N3) and untreated samples. The
samples were measured in 3.5 % NaCl solution for 24 hours
which were plotted in Fig. 5. The Tafel extrapolation was used
to determine the corrosion potential and current density. The
corrosion rate was calculated from these values according to
McCafferty [44] and ASTM G102 standard. Table 4. summa-
rised the corrosion parameters. A Stern-Geary equation [45]
was used to calculate the polarization resistance (Rp) [46]
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Fig. 4 Nitrogen content of the nitrided layers on AISI 316
austenitic stainless steel
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Fig. 5 Polarization curves of untreated and plasma nitrided
samples after 24h in 3.5% NaCl solution

It can be seen, the nitrided samples have higher corrosion
potential (Ecorr = -0.36...(-0.34) V) and lower corrosion
current density (icorr ~ 3...5 pA/cm?)) than the untreated
sample (Ecorr = - 0.44 V and icorr = 21.7 pA/cm?) which
indicated a better corrosion resistance after the plasma nitrid-
ing.

The corrosion rate differs greatly between untreated and nitride
specimens. The corrosion rates are similar, but a slight differ-
ence can be observed. The untreated sample has the highest
corrosion rate. Among the nitrided specimens, the N3 sample
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has the best polarization resistance as it can be seen in Table 4.
The specific surfaces of the samples are different because of
the preparation method. The untreated sample has the highest
surface because the original solidification parts can increase the
area. The increased surface area can affect the corrosion, while
the other samples have a similar.

CONCLUSION

The surface treatment of the additive manufactured parts is an
important factor during the process. In this research, plasma

Table 4 Corrosion parameters

nitriding was used to investigate the effects on the DMLS
produced surface. Although the surface roughness was differ-
ent in each sample, neither the formed layer thickness nor the
depth of the diffused nitrogen was not changed. The CrN was
created on the layer, which was caused by the closeness of the
formation temperature. The corrosion rate was five times
higher by/in the untreated sample as the nitrided ones. There is
no significant difference in the corrosion rate of the nitrided
specimen. It can be stated that as the surface roughness de-
creases, the corrosion rate also decreases. So, the better surface
roughness results a better corrosion resistance increases.

Sample icorr (A/cm?) %35’ (mve(aiec.) (mv%ec.) corr.rate (mm/year) ( 10352€:m2)
untreated 21.709 -0.439 144 107 0.098 1.229
NO 4.947 -0.341 321 342 0.022 14.547
N1 5.042 -0.356 870 778 0.021 35.396
N2 4.942 -0.359 665 924 0.018 33.979
N3 2.947 -0.363 909 566 0.013 51.428
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