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ARTICLE INFO ABSTRACT

Due to the limited wear and corrosion properties of the austenitic stainless steel AISI 316 L, some applications
require the benefits of nitriding. The aim of this work was to investigate whether the same positive effect of
nitriding could be obtained for 316 L that was additive manufactured using the laser powder-bed fusion process
and further solution treated at 1060 °C for 30 min, low-temperature plasma nitrided at 430 °C or both. This study
was designed to better understand the additive-manufactured and solution-treated microstructures as well as
developing a nitride and a diffusion layer. The comparison of the wear and corrosion resistance, the micro-
hardness and the microstructure changes of the additive-manufactured steel in different post-treated conditions
with a commercial steel was carried out. It was found that the post-treated low-temperature plasma nitriding
improves the wear and corrosion resistance of the additive-manufactured samples. The obtained values are
similar to the values of conventionally fabricated and nitrided 316 L. The solution treating itself (without further
nitriding) did not have any significant impact on these properties. It was possible to explain the microstructure at
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the nano level as well as correlating the wear and corrosion properties.

1. Introduction

Austenitic stainless steels are well known for their excellent corro-
sion resistance based on their high contents of chromium and nickel,
which stimulate the formation of stable and passive oxide layers
(Cry03) on the surface [1-3]. They represent one of the important
grades of metallic materials implemented in various industrial appli-
cations, such as food and medical equipment, construction and others
[4-6]. However, their poor mechanical properties (relatively low yield
strength and low hardness) as well as moderate tribological properties
(poor wear resistance) restrict their widespread use [2,7,8]. In order to
improve their surface properties, many surface-treatment techniques,
such as plasma or gas nitriding [9,10], magnetron sputtering [11] and
ion implantation [12], were investigated. Plasma nitriding is one of the
most common techniques, where two layers start to form on the surface.
The thin compound layer contains & (Fe, 3N) and y” (Fe4N), as well as
other nitrides formed with alloying elements [13-15]. The diffusion
layer, formed beneath the compound layer, determines the strength. It
consists of interstitial atoms in a solid solution, and if the solubility
limit is reached, it also contains coherent nitride precipitates. A rela-
tively thick diffusion layer is formed on the bcc structure, while on the
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fce structure this layer is much thinner [9].

During the low-temperature nitriding of austenitic stainless steel,
expanded austenite is formed, which is responsible for the improved
wear and corrosion resistance [16]. Expanded austenite is actually bcc
austenite structure with atoms of nitrogen at interstitial positions. This
expanded austenite is named the S phase and is formed up to 450 °C. On
the other hand, the increase in nitriding temperature leads to the for-
mation of CrN and a drop in the corrosion properties [17], as well as the
transformation of the S phase to y’ (Fe,N) [18].

Different grades of stainless steels, such as AISI 316 L, can be pro-
duced either by conventional manufacturing methods, such as casting,
metal forming or powder metallurgy. Due to its relatively high ma-
chining costs and time-consuming procedures for fabricating accurate
and complex structures there is an increasing interest in manufacturing
316 L components by additive manufacturing (AM). Austenitic stainless
steels are some of the most suitable metallic materials for AM because
there is no martensitic phase transformation and no precipitation
during the rapid-solidification process, making them the most studied
AM materials. AM is a rapidly developing technology that enables near-
net-shape manufactured components and the enhancement of their
properties [4,19]. For the manufacturing of engineering materials, of
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particularly interest is selective laser melting (SLM), which is a powder-
bed fusion process, characterized by the addition of a new component,
layer by layer, using heat from a laser source [20].

A few years ago, the research related to AM was focused on the AM
technology. However, investigations of the material properties, such as
microstructure, mechanical and wear behaviour, corrosion resistance as
well as comparisons of the properties of both conventionally and ad-
ditive manufactured materials, have recently begun to emerge. Wang
et al. [21] explained the hierarchical structure of the AM stainless steel
316 L, showing that the microstructure consists of nano dendrites,
formed during rapid solidification, where the walls of these cells are
built of dislocations. There are many nano oxides pinning the disloca-
tions and therefore increasing the yield and tensile strengths without
any loss of the elongation properties. Kurzynowski et al. [20] explained
the relationship between the process parameters, microstructure and
properties of AM-fabricated steel 316 L.

The tribological properties, such as wear resistance, are one of the
key parameters of AM 316 L, and it was found that the wear resistance
is worse than conventional 316 L due to the internal stresses [22]. The
corrosion properties are also very important and are therefore often
studied [23,24]. Some of the recent research [25,26] dealt with the
positive effects of post-heat treatments on the wear and corrosion re-
sistance of 316 L stainless steel produced by laser powder-bed fusion.

In the current research an attempt was made to achieve even better
properties of the additive manufactured 316L by post-treated, low-
temperature plasma nitriding. For comparison reasons, a con-
ventionally fabricated 316 L was nitrided under the same conditions.
The microstructure, wear and corrosion resistance were analysed for
both materials before and after the nitriding. Furthermore, the impact
of a solution treatment on the wear and corrosion properties was in-
vestigated too.

2. Materials and methods
2.1. Materials

Commercial low-carbon austenitic stainless steel 316 L and AM-
fabricated stainless steel 316 L are considered as the base materials for
this research. Bulk wrought material produced with conventional
manufacturing methods was delivered in the annealed condition. AM
samples of 30 x 30 x 30 mm? were built in an industrial AM machine
(EOS EOSINT M280) with 400-watt fibre laser, using the commercial
process parameters of the powder-bed fusion process. The laser power
was 285 W, and laser speed was 960 mm/s. The distance between the
laser paths was 0.11 mm, with a laser diameter of 0.055mm. The
hatching occurred in the x and y directions, using alternating and ro-
tating modes. The samples were fabricated in a nitrogen atmosphere of
99.5 % purity. The powder was supplied by LPW Technology Ltd, the
size of the powder particles was 15-45 pm. The chemical compositions
of the investigated materials (AM 316 L and wrought 316 L) are given in
Table 1. The composition for AM 316 L corresponds to AM bulk mate-
rial. The chemical composition determined by the standard (ASTM/
ASME UNS S31603) is given for comparison.

Table 1
Chemical compositions of the investigated materials as well as standard values
in wt. %, Fe balance.

C Si Mn Cr Ni Mo
AM 316 L 0.006 0.22 1.6 17.7 13.6 2.8
wrought 316 L 0.023  0.32 1.61 17.8 10.3 2.0

ASTM/ASME UNS S31603  0.03 < 0.75 < 2 16-18 10-14 23
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Table 2
Labels and the sample conditions.
Label Sample description
AM AM 316 L as-built
AM + ST AM 316 L as-built and solution treated (1060 °C, 30 min)
AM + N AM 316 L as-built and nitrided (430 °C, 15h)
AM + ST + N AM 316 L as-built and solution treated and nitrided
316 L Commercial 316 L as-delivered (wrought and heat treated)
316L + N Commercial 316 L as-delivered (wrought and heat treated) and
nitrided

2.2. Heat treatment and low-temperature plasma nitriding

In order to improve the wear and corrosion properties, the AM-
fabricated steel samples were post-treated by solution annealing, low-
temperature plasma nitriding and a combination of both. Their prop-
erties were compared to commercial-grade counterparts. To eliminate
the internal stresses and to homogenise the microstructure [27] some of
the AM-fabricated samples were solution treated at 1060 °C for 30 min
in a horizontal furnace and cooled in the air. Furthermore, the AM
samples (as-built and solution treated) as well as commercial 316 L
samples in the as-delivered state were low-temperature plasma ni-
trided. Before low-temperature plasma nitriding the samples’ surfaces
were ground with 1200-grit silicon carbide grinding paper and polished
with a 1-um diamond suspension to remove any surface deformations.

Low-temperature plasma nitrding was performed in a Metaplas
Ionon HZIW 600/1000 reactor, equipped with a convection-heating
system and an internal gas/water heat exchanger for rapid cooling. The
convection and plasma heating of the specimens to the processing
temperature took approximately 3.5 h. The soaking time at the nitriding
temperature of 430°C was 15h. The specimens were nitrided in a
75vol. % H,:25 vol. % N, gas mixture. In Table 2, all the investigated
samples are listed with their labels, used subsequently, and with a de-
scription of their conditions.

2.3. Microstructural evaluation

The nitrided samples were cut using a water-cooled saw in order to
observe the nitride layer in cross-section. Afterwards, all the samples
were mounted in conductive Bakelite resin, grinded and finally polished
using 1-um diamond suspension. The microstructures were analysed on
the metallographic samples, etched by aqua regia (HNO; + 3 HCI)
using a light microscope (Nikon Microphot FXA) equipped with a di-
gital camera (Olympus DP73). In order to detect the € and y’ phases on
the nitrided samples, Marble etchant (4 g CuSO,4, 20 ml HCl, 20 ml H,0)
was used. Etching with Marble was used to define the € and y’ phases.
The e phase is attacked by Marble and is seen as a dark layer, while the
y’ is not etched by the Marble, and is observed as a white layer [28,29].

For the detailed microstructural investigation, a field-emission
scanning electron microscope (ZEISS CrossBeam 550 FIBSEM) was used
to perform analyses with energy-dispersive spectroscopy (EDS), elec-
tron-backscatter diffraction (EBSD) using a Hikari Super EBSD Camera
to investigate the microstructure with included TEAM EDAX software
and electron-channelling contrast imaging (ECCI). EBSD map analyses,
as well as the secondary-electron imaging (SEI), were carried out at an
accelerating voltage of 15kV and probe currents of 5nA and 2 nA, re-
spectively.

ECCI is a SEM imaging technique in scanning electron microscopy
based on the electron-channelling effect by applying a backscatter-
electron detector. It is used for the direct observation of crystal defects,
such as dislocations, cells and stacking faults close to the surface of bulk
samples [30]. ECCI was performed using a backscattered detector (BSD)
at various angles for an accelerating voltage of 30 kV, I probe of 2 nA.
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Table 3
Parameters of reciprocating sliding-wear tests.
Counter body (32 mm) 100Cr6
Nominal load (N) 20
Sliding speed (m/s) 0.12
Amplitude (mm) 4
Frequency (Hz) 15
Test time (s) 833
Sliding distance (m) 100

2.4. Wear testing and hardness measurements

The AM samples in all conditions (AM, AM + ST, AM + N,
AM + ST + N) as well as conventionally fabricated samples (316L,
316 L + N) were subjected to reciprocating sliding-wear tests under
atmospheric dry-sliding conditions with the ball-on-flat configuration
to compare their wear resistance. The tests were performed at room
temperature. A 32-mm-diameter 100Cr6 ball was used as the oscillating
counter-body. Test parameters for the reciprocating sliding-wear tests
are presented in Table 3. Three parallel tests were performed on all the
samples. The wear resistance was plotted in terms of the wear volume,
which was directly measured by analysing the wear track with an Ali-
cona InfiniteFocus G4 3D optical microscope. It is a high-resolution 3D
optical microscope based on a variation of the focus intended for to-
pography and form measurements.

The Vickers microhardnesses HV, ¢; and bulk hardness HV; were
measured on the metallographic samples using an Instron Tukon 2100
B Vickers hardness tester. The microhardness depth profile was

AM
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measured for the nitrided samples.

2.5. Electrochemical measurements

The surfaces of the solution-treated samples were ground and po-
lished after heat treatment, prior to the electrochemical testing. The
surfaces of the low-temperature, plasma-nitrided samples were ground
and polished only prior to treatment, while the electrochemical testing
was performed in the as-treated condition in order not to mechanically
alter the surface after the nitriding.

The electrochemical experiments were carried out in a 3.5% NaCl
solution. The solution was not deaerated. The measurements were
performed using a three-electrode system, where the test specimen was
employed as the working electrode (WE); the reference electrode (RE)
was a saturated calomel electrode (SCE, 0.242V vs. SHE); and the
counter electrode (CE) was a platinum mesh. The potentiodynamic
curves were recorded using a BioLogic® Modular Research Grade
Potentiostat/Galvanostat/FRA Model SP-300 with EC-Lab® software
V11.10., after 1 h of sample stabilization at the open-circuit potential
(OCP), starting the measurement at 250 mV vs. SCE more negative than
the OCP. The potential was then increased, using a scan rate of 1 mV/s.
The corrosion current density (icor) and the corrosion rate (Vo) Were
calculated according to ASTM G102 - 89 (2015) [31]:

Kawi o
P

vcorr -

where K is a conversion factor (3.27 mm-g/mA-cm-year), @ is the
equivalent weight (g), p is the material density (g/cms), and i.o; is the
corrosion current density (mA/cm?). All the measurements were made

AM+ST+N

316L+N

Fig. 1. Light micrographs of (a) AM, (b) AM + N, (c) AM + ST, (d) AM + ST + N, (e) 316 L and (f) 316 L + N samples.
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at room temperature and were repeated three times. No larger dis-
crepancies between the measurements were observed.

3. Results and discussion

AM metallic materials have a specific microstructure, defined by the
laser powder-bed fusion process, known for its rapid solidification.
Therefore, a lot of internal stress is accumulated in the structure, which
is accommodated by the formation of dislocations [21,25]. Light mi-
crographs show the well-known melt pools (Fig. 1a) caused by locally
melted material. After a solution heat treatment, the metal pools are no
longer visible and recrystallization takes place (Fig. 1c). Depending on
the chosen nitriding parameters, ¢ and y’phases or only the y’or at
lower temperature S phase forms on the sample surface. In the studied
case only S phase with the thickness between 13 and 16 pm was formed
on the surface, with a thin (~100 um) diffusion layer beneath (Fig. 1b,
d and f). Below these phases is the diffusion zone, which is very thin in
austenitic steel, compared to martensitic steel [32]. The dark layer on
the top of these images is the Bakelite potting compound. Fig. 1e shows
the typical microstructure of a commercial, conventionally manu-
factured 316 L, and in Fig. 1f with a nitride layer. Commercial, con-
ventionally manufactured 316 L mostly consists of a small amount of §
ferrite phase, due to the segregation of Cr during the solidification. Due
to the rapid solidification, which is typical for the AM SLM process, the
formation of & ferrite is not possible, while the AM DED (direct energy
deposition) process sometimes leads to the § ferrite phase [33]. The thin
layer seen at the bottom of the nitride layer is attributed to the etching
effect and the change in the chemical composition. The etched AM
samples also show some small black spots, which are most probably due
to the etching effect starting at certain lattice defects.

The EBSD IPF map of the AM sample shows a microstructure typical
for AM metallic materials. The shapes of the grains do not follow ex-
actly the shapes of the melt pools. Sometimes the grains grow through
the melt-pool boundaries, and occasionally crystallisation starts at the
bottom of the melt pool (Fig. 2a). The grains have a high misorienation
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due to a slight rotation during the growth in order to compensate the
stress. Depending on the AM parameters the structure can be more or
less textured [20], as was the case in this experiment. The AM para-
meters also determine the porosity. The porosity of the investigated
samples was estimated to be 0.3 %. It is assumed that after the solution
treatment a partial recrystallization occurred with the grain growth
(Fig. 2b). Chen et al. [4] studied the effect of annealing at different
temperatures and reported that the grain size remains unchanged up to
800 °C, although the EBSD images showed changes to the micro-
structure. In this study the average grain diameter of the AM sample
was 8.3 um, and after the solution treatment the grain size changed to
13.0 um. This change in grain size is attributed to the higher annealing
temperature (1060 °C). The shape of the grains still tends to follow the
melt-pool shapes, indicating that the recrystallization was not com-
pleted. Actually, the recrystallization is a consequence of extended sub-
grain growth. This type of recrystallization has no proper nucleation
process, but its growth process involves consuming dislocation struc-
tures. As a result, the long, extended sub-grain boundaries ending at the
grain boundaries can be observed. At the same time the energetically
favourable grains tend to grow, which results in slightly larger grains
keeping the same melt- pool shapes while inside these grains the sub-
grain structure is observed. No twin grain boundaries were found after
the solution treatment, which also leads to the conclusion that the re-
crystallization of the grains is very limited. In the solution-treated
sample the large misorientation is not so pronounced. In the larger
grains there are substructures, i.e., areas with the same orientations.
Commercial 316 L has a very similar grain size of the austenite phase to
the solution-treated sample, i.e., 12.4 um (Fig. 2c). The presence of &
ferrite was confirmed by the EBSD map.

ECCI is a technique that makes it possible to also observe disloca-
tions in the SEM over a larger area. Fig. 3a shows the dendrite cell
structure of 500-nm grain size, with the dendrites growing in the di-
rection of the temperature gradient. Depending on the direction, more
or less elongated cells can be observed. The cell walls are built from
dislocations. The nano oxide particles are inside the cell walls and have

AM building direction —0—mo—

oy

Austenite

o001 101

Fig. 2. EBSD IPF maps in the Z direction of (a) AM, (b) AM + ST and (c) 316 L samples.
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Fig. 3. ECCI images of (a) AM, (b) AM + ST, (c) 316 L samples with inserted details.

a size of 2-100 nm. In the literature [5,21,34] it was reported that these
particles consist of Si and O. Due to the rapid solidification at the inter-
dendritic locations the last solidified melt is rich in Mo and Cr [21].
After the solution treatment some of the oxide particles grow and others
dissolve (Fig. 3b). The oxide particles mainly originate from a very thin
oxide layer on each 316 L powder particle that was used as the starting
material for the AM. The result is a new microstructure with larger and
fewer oxide particles (50-500nm) distributed along new, low-angle
grain boundaries situated in the substructure, also observed in the EBSD
map (Fig. 2b). However, a lot of oxide particles are still distributed
within the grains. The dislocation density is significantly decreased and
the dislocations are randomly distributed in the grains.

Fig. 3c shows the typical grain-boundary shape of austenitic steel
with a similar dislocation density and distribution as we found in the
AM and the solution-treated AM sample. The oxide particles are mostly
not present, only those from the de-oxidation process of conventional
steel production that are not trapped in the slag. The AM process does
not allow the formation of MnS, whereas the solidification rate in the
conventional process enables the precipitation and growth of MnS [35].
While the ECCI technique is sensitive to structural irregularities (dis-
locations) it is also very sensitive to differences in the chemical com-
position. Therefore, the white structure in Fig. 3¢ is observed, which
originates from segregation during casting and was not completely re-
moved during the subsequent plastic deformation process.

The SE images in Fig. 4 show cross-sections of the nitrided AM + N
(Fig. 4a), AM + ST + N (Fig. 4c) and 316 L + N (Fig. 4d) samples. The
nitride layer on the top consists of the S phase, and shows very little
porosity and some cracks. Below the nitride layer is a 3—4-um layer that
etched differently to the bulk material due to its different chemical
composition. During the nitriding process the nitrogen diffused beneath
the nitride layer and formed a very thin diffusion layer, and some of the
Cr is also depleted in this layer. The bulk etched sample shows dendritic
cell structures, which are also visible in the ECCI images (Fig. 3a).
These cell structures are actually nano-segregations of Mo and Cr.
However, the segregation of Cr at the dislocation cell walls is so minor
that it is insignificant to the corrosion resistance [21]. In the diffusion
layer a similar cell-structure pattern as in the bulk can be observed
(Fig. 4b). It is interesting that this cell-structure pattern can also be
observed in the bottom part of the nitride layer. Diffusion during low-

temperature nitriding is not sufficient to eliminate the nano-segrega-
tions of Cr and Mo as well as the dislocation structures. The high-
temperature (800 °C) stability of the dislocation cell structure was re-
ported very recently [4]. The nitride layer on the AM sample has dif-
ferent properties (higher dislocation density) than the nitride layer on
the solution-treated AM and conventional 316 L. This is not visible in
the solution-treated sample because the cell structure changed, and
partial recrystallization and grain growth occurred. The EDS line ana-
lyses in Fig. 4a, ¢ and d show a slight depletion of Cr and an increase in
the amount of nitrogen in the nitride layer. The peaks in the EDS line
analysis in the nitride layer (Fig. 4a) showing an increase of Cr and N as
well as the depletion of Fe are due to the very thin CrN layer. This
phenomenon is observed only in the AM + N sample, while on
AM + ST + N and 316L + N no CrN precipitation takes place. It is
assumed that a high stress and higher dislocation density influence the
CrN precipitation along the austenite grain boundaries. The solution
treatment of the AM sample reduces the stress and dislocation density
and therefore impedes the CrN formation.

Below the nitride layer no significant decrease of Cr is detected. This
is very important for the corrosion properties, while the stable Cr,05
determines the corrosion properties of stainless steels. Although the
slightly different chemical composition of the area below the nitride
layer is the reason for the different chemical attack during etching, it is
below the EDS detection limit. The nitrogen content rapidly decreases
at the border of the nitride layer, and is still slightly decreasing below
the nitride layer. This can be demonstrated using hardness measure-
ments (Fig. 5).

The Vickers microhardnesses HV(o; of the nitride layer of the
AM + N and AM + ST + N are 1454 and 1220, respectively (Fig. 5).
The hardness of the nitride layer of the conventional 316 L + N is 1194,
very similar to that of the AM + ST + N. The nitride layer of the
AM + N material is much harder than the AM + ST + N due to the
higher density of the dislocations and the stress accumulated in the
layer and due to small amount of very hard CrN phase. At a depth of
approximately 100 pm the hardness of the bulk is reached. The hard-
ness of the bulk material in the case of 316 L is approximately 200 HV;.
AM + ST material shows similar bulk hardness while AM has a higher
bulk hardness of 260 HV;.

After 100 m of sliding against a hardened 100Cr6 steel ball bearing
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Fig. 4. SE images of (a) AM + N, (b) detail from fig. (a), (c) AM + ST, (d) 316 L + N with EDS line analysis.
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Fig. 5. Microhardness HV, o; depth profile for nitrided samples.
the conventional 316 L stainless steel displayed a combination of ad-

hesive and abrasive wear (Fig. 6a), with the wear volume of
5.410 2 mm?® and steady-state coefficient of friction of 0.8, as shown in

0,12
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mwear volume  ® friction
01 4 1,0
= | c
Eo,os 0z 2
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0,02 0,2
0 0
AM AMST 316L AM#N  AM4STHN  316L+N

Fig. 7. Wear volume and coefficient of friction of the 100Cr6 counter-ball
sliding against different austenitic stainless-steel samples.

Fig. 7. Switching to the AM material results in more pronounced
abrasive wear component (Fig. 6b) with a higher friction (~0.87) as
well as intensified wear, with the wear volume being increased to
7.210~2mm?®. The solution treatment of the AM material improved its
wear resistance, especially the abrasive wear resistance, slightly redu-
cing the friction and wear volume (~6.610"2mm?), as well as the
scatter of the experimental results. However, the tribological perfor-
mance of the AM material is still inferior to conventional 316 L stainless
steel. The improvement obtained by solution treatment could be due to
lowering the dislocation density and eliminating the chemical nano
segregation.

The main goal of nitriding is to improve the wear and corrosion
resistance [9,36]. According to the wear measurements it is clear that
nitriding improves the wear resistance and decreases the friction as well
as the volume of lost material during the wear tests by almost an order

AM+N Fig. 6. Typical wear scars for (a) 316 L, (b) AM
and (c¢) AM + N.
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of magnitude for all the investigated samples (Fig. 7). It also results in a
predominantly abrasive wear mechanism (Fig. 6¢). However, even after
nitriding the conventional 316 L stainless steel displays much better
wear resistance than the AM samples, with the wear volume of
0.310 " ?mm? as compared to ~1.0-10~2mm?® (Fig. 7).

For all cases, the AM material shows lower wear resistance as well
as higher scatter. In general, higher hardness results in better wear
resistance. However, this is only true for pure abrasive wear. In the case
of combination of adhesive, abrasive and fatigue wear different prop-
erties become important, especially toughness of the material. In the
present case of combined adhesive/abrasive wear mechanism the
dominating wear resistance of the conventional 316L, although
showing slightly lower hardness can be attributed to larger grains,
lower density of dislocations as well as to the presence of & ferrite in the
microstructure. It is well known that a small amount of § ferrite im-
proves mechanical properties [37], while an increase in grain size can
have a positive effect on the wear resistance [38]. The same trend can
be observed after the nitriding process, although for a much better wear
resistance provided by increased compressive residual stresses [39].
The differences in the wear volumes of all the nitrided samples show
that the nitride layer on the AM sample is slightly less wear resistant,
most probably due to the high density of dislocations remaining after
the nitriding. However, when analysing the depth of the nitriding layer
remaining after the wear test all the specimens showed very similar
results, with the thickness being in the range of 7 um.

Potentiodynamic polarization curves for the AM, AM + ST,
AM + N, AM + ST + N, 316 L and 316 L + N samples performed in 3.5
% NaCl are shown in Fig. 8. The corrosion potentials (E..) in a 3.5 %
NaCl solution for the AM, AM + ST, AM + N, AM + ST + N, 316 L and
316 L + N samples are approximately —160 mV, —143mV, —114mV,
-250mV, —241 mV and — 187 mV vs. SCE, respectively (Table 4). After
the Tafel region, the investigated samples exhibit a passive range, fol-
lowed by the breakdown potential (Ep). Despite the high dislocation
density and the chemical nano-segregations, the AM material has sur-
prisingly good corrosion properties, as already noted in the literature
data [3,40]. After a solution treatment (AM + ST) a decrease in the
corrosion stability is observed due to the grain growth. Nitriding itself is
actually expected to significantly improve the corrosion characteristics
of the material. However, even a slight increase in the corrosion rate of
the AM + N sample is observed compared to the AM sample. The
reason is the formation of chromium nitrides (CrN) in the nitride layer
which are known for their negative effect on the corrosion stability
[17]. Furthermore, an improved corrosion resistance of the specimens
after solution treatment and nitriding (AM + ST + N) is observed,
which is manifested in a shift of the passivation range to significantly
lower corrosion-current densities for the surface-treated samples [36].

1,5
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AM+ST+N
—316L
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Fig. 8. Potentiodynamic curves for AM, AM + ST, AM + N, AM + ST + N,
316L and 316 L + N in 3.5 % NaCl
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Table 4
Electrochemical parameters determined from the potentiodynamic measure-
ments.

Sample Ecore (mV) icorr (WA/cm?) Veorr (m/year)
AM —160 + 6 0.63 + 0.03 7.0 + 0.3
AM + ST —143 £ 5 0.96 + 0.05 10.6 + 0.4
AM + N —114 + 4 0.72 + 0.04 7.7 + 0.3
AM + ST + N —250 + 9 0.42 + 0.02 4.7 + 0.2
316L —241 £ 9 0.55 + 0.03 10.5 + 0.4
316L + N —187 £ 7 0.31 + 0.01 3.5 + 0.2

This improvement is attributed to the previous explained phenomena of
the stress release by the solution treatment which impede the formation
of the CrN. The narrowest passive range is observed for a con-
ventionally processed 316 L sample. Commercial 316 L also exhibits the
highest corrosion rate, which can be explained by the presence of MnS
and the associated Cr depletion in a conventionally processed stainless
steel [41,42]. The corrosion parameters calculated from the potentio-
dynamic measurements also show decreased corrosion-current densities
and corrosion rates for the 316 L + N specimen due to the improved
barrier properties after nitriding (Table 4).

The influence of grain size on the corrosion resistance is difficult to
generalize [43]. It is known that grain refinement, which alters the
surface reactivity, influences the corrosion response. However, different
factors such as chemical composition, environment and processing
dictate the corrosion process leading to increased passivation or dis-
solution [43]. The grain refinement improves the formation of the
passive layer due to the increased grain-boundary density and therefore
improves the corrosion resistance. In this study, a slight increase in the
corrosion rate for the AM samples was observed with an increase of the
grain size after the solution treatment.

An additional factor that should be considered in terms of the cor-
rosion performance is carbon content. Carbon stabilises the austenitic
phase, but also has a negative effect on the corrosion properties due to
the formation of chromium carbides [29]. However, it is generally re-
cognised that a carbon content under 0.03 wt% prevents the formation
of chromium carbides and therefore has no detrimental effect on the
corrosion resistance of stainless steel [29], as was also observed in the
present study.

Another important aspect that should be addressed in the present
study is the influence of nitriding on the corrosion resistance of the
investigated samples. Low-temperature nitriding is acknowledged as an
effective technique to improve the surface hardness as well as the
corrosion resistance of austenitic stainless steels. The improvement is
associated with the formation of the S phaseand the diffusion layer
beneath. At low temperatures (under 400 °C), the precipitation of
chromium nitrides that are detrimental for corrosion resistance is
avoided [17]. The observed CrN precipitation in the AM sample is not
only the result of a slightly higher nitriding temperature (430 °C), but
also of a high accumulated stress and a high dislocation density. This
study leads to the conclusion that a solution treatment accompanied by
further nitriding enables the optimal conditions regarding mechanical
and corrosion properties.

4. Conclusions

A comparative study on the effect of the post-treated low-tem-
perature plasma nitriding of AM and conventionally fabricated 316 L
austenitic stainless steel on the wear and corrosion resistance as well as
on the changes to the microstructure was conducted. The effect of the
solution treatment on the AM material was also investigated. The study
has led to the following conclusions:

e Nitriding under the same conditions leads to the formation of si-
milar, between 13 —16 um-thick layers of S phase. The hardness
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values of these layers are different depending on the hardness of the
bulk material. The hardness of the AM material is higher due to the
accumulated stresses and the consequently higher dislocation den-
sity and in some cases also due to precipitation of the hard CrN
phase. The estimated thickness of the diffusion layer is approxi-
mately 100 um, which is far less than in martensitic steels. Beneath
the nitride layer no significant Cr depletion was observed, which is
very important for good corrosion properties. The bottom part of the
AM diffusion layer exhibits the same cell structure, which remains
during the low-temperature nitriding process. This phenomenon is
not seen in the solution-treated samples.

The dislocation cell structure revealed by the ECCI technique is
actually dendrites built from elongated nano cells, the walls of
which are formed from dislocations. The elongated nano cells grow
radially in the build direction due to the thermal gradient; however,
some of them can grow perpendicular, depending on the locally
disordered conditions.

The dislocation density after the solution treatment is significantly
decreased, while the dislocations are more-or-less randomly dis-
tributed in the grains. The solution treatment also leads to nano
oxide growth, which is distributed along new high- and low-angle
grain boundaries.

The crystal grain shapes of the AM indicate the melt-pool shapes,
and also after the solution treatment a partial recrystallization oc-
curs and the grains grow slightly from 8.3 pym to 13.0 um, with some
weak melt-pool shapes still being observed. The misorientation in-
side the grains is diminished after the solution treatment, but some
kind of substructure is observed resulting from the consuming of the
dislocation structure.

The wear volume of the solution-treated AM material is just slightly
lower than the untreated material. After nitriding, the wear volume
is significantly decreased, although it does not reach the value of the
conventional fabricated material. The difference in the wear volume
between the nitrided and the solution-treated plus nitrided AM
material is almost negligible.

The AM material in its as-built state exhibits better corrosion
properties in comparison to its commercial counterpart. The solu-
tion treatment without further nitriding as well as nitriding without
prior solution treatment of the AM material does not have any po-
sitive impact on the corrosion properties. Nevertheless, the superior
corrosion properties are achieved by a combination of solution
treatment and nitriding due to the prevention of CrN precipitation
by eliminating stress and other lattice imperfections and are very
similar to the corrosion properties of the nitrdided commercial
316 L.
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