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Additively manufactured AISI 316 L stainless steel samples were heat treated at temperatures from 400 °C to
1100 °C, and the corrosion behavior in chloride environments was electrochemically studied. Heat treatments at
400 °C and 650 °C increased the grain size and the treatment at 1100 °C formed MnCr;04 inclusions. Also, these
postprocessing techniques reduce the hardness and increased the porosity. Heat treatment at 400 °C increased
the polarization resistance and maintained the pitting corrosion mechanisms of the additively manufactured
samples. Heat treatments at higher temperatures reduced the polarization resistance but changed the corrosion

1. Introduction

Additive Manufacturing (AM) is a set of new techniques based on the
fabrication of parts layer by layer from an STL archive without the
needing for expensive tools like molds. One promising AM technique is
the Laser Powder Bed Fusion (LPBF), also known as Selective Laser
Melting (SLM), which consists of the melting by laser of metal powder
after its deposition in a powder bed with the help of a protective at-
mosphere [1], like Argon. This technique can fabricate near-net-shape
parts with complex geometries at no additional costs [2]. This allows
a big personalization of the fabricated parts, making this technique ideal
for unique pieces for different areas like the aerospace industry [3], the
biomedical sector [4], or jewelry [5].

The LPBF process can cause several negative effects on the me-
chanical properties like the ductility [1] caused by different defects like
anisotropy [6], residual stress [7], porosity [8] and lacks of fusion [9].
Anisotropy is associated with several causes from the scan strategy to the
different directions of the grains which grow during the solidification
[10] or the multiple oxides that can be formed between layers [11]. On
the other hand, the residual stress is caused by multiple processes of
melting, remelting, reheating, and fast cooling, and the phase changes
that occur during the printing process [12]. Finally, defects of voids can
be caused by different reasons: porosity appears as gas that gets
entrapped during the solidification process, while lack of fusion appears
due to suboptimal energy input in the fabrication [13]. Therefore, it has
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been studied that these problems are linked, for example, the porosity
can worsen the anisotropy of the material [14].

Besides the defects, other problems have been investigated, like the
layer structure and the rotation angle of the AM parts, which can have
different effects on the mechanical properties [15] and the corrosion
resistance [16]; the surface roughness which has negative effects in the
fatigue properties [17] or the metastable phases which also worse me-
chanical properties like ductility [18] and the electrochemical behavior
[19].

To reduce the mentioned problems, several postprocessing tech-
niques are required to improve the properties of the AM parts. In this
way, Laser Shock Peening has been proved to be a good technique to
improve the fatigue life of the material [20]; Hot Isostatic Pressing can
reduce the number of cracks and pores [21], or electropulsing can
modify the microstructure of the LPBF parts or improve their ductility
[22].

One of the most used post-processes is the heat treatment in all the
ranges it can work. It has been demonstrated in different works that the
heat treatment can homogenize the structure, which can improve the
hardness and relieve the residual stress of the fabricated parts [23]. On
the other hand, also these heat treatments can decrease properties like
the yield strength [24], they can improve the ductility, and reduce
almost all the anisotropy except the one caused by the presence of pores
[25].

Although heat treatments are necessary to improve different
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properties of the AM parts and reduce the defects caused during the
fabrication, it is necessary to evaluate the corrosion behavior of the
specimens after the post-processing, as is done in this study with 316 L
stainless steel parts.

316 L stainless steel is one of the most used materials in the additive
manufacturing of metals. This austenitic steel is known for its good
mechanical properties and corrosion resistance [26]. A big range of its
properties has been studied and it has been demonstrated that its me-
chanical properties are even higher than those fabricated by conven-
tional processes [27]. On the other hand, higher corrosion resistance of
the 316 L stainless steel has been found due to the microstructure caused
by the LPBF technique [28]. However, the previously mentioned defects
are still in this AM metal, like anisotropy [29], residual stress [30], or
porosity [31] are still in this material, so the necessity of a
post-processing method like the heat treatment is still necessary, as
shown in the work of M. Laleh et al. [32], although not of all these
defects imply a detrimental in all the properties. For example, it has been
claimed that the presence of porosity does not worsen the bending
properties [33] or residual stress does not have negative effects on the
pitting susceptibility [34].

Related to the corrosion resistance of the 316 L stainless steel
fabricated by LPBF, several studies claim that the as-built parts have
excellent corrosion resistance, presenting specially a good pitting
corrosion resistance [35] due to the absence of MnS inclusions and the
good homogeneity of the composition of chromium [36,37]. However,
other studies claim that the presence of pores in the microstructure in-
duces pitting mechanisms [36] and that this mechanism has a meta-
stable behavior [37] but these mechanisms are still unclear. It has been
considered that the processes that control the pitting corrosion are
associated with the environmental aggressiveness of the chloride media
used [38]. It has also been proposed that the presence of residual stress
may contribute to the corrosion mechanism of the AM 316 L samples
[39], which can be controlled by performing heat treatments at tem-
peratures above 900 °C [40]. However, these processes may induce the
formation of new phases that may promote the appearance of new
corrosion mechanisms. Therefore, it is necessary to study how the
postprocessing techniques that are used to reduce the microstructural
defects and control the residual stress influence the corrosion behavior.
Also, the effect of heat treatments at temperatures below those
commonly used in conventionally manufactured stainless steels has not
been studied, despite the different responses of AM 316 L to heat
treatments.

In this work, a deep study of the influence of a big range of heat
treatment temperatures, from 400 °C to 1100 °C, on the corrosion
properties has been done to prove how the elimination of intrinsic
characteristics of the LPBF 316 L stainless steel, like anisotropy, residual
stress, or porosity, influence one of the most relevant properties of this
metal, which is the corrosion resistance. The progress of the knowledge
in how the heat treatment temperature influences the formation of a
corrosion products layer, and the corrosion performance of the 316 L
stainless steel fabricated by LPBF made in this study allows a good se-
lection of these methods to reduce the defects and improve the me-
chanical properties without worsening the corrosion behavior.

2. Materials and methods
2.1. Materials and process parameters

The AISI 316 L stainless steel powder used was supplied by LPW
Technology and had a nominal composition in %wt. of: chromium
(16—18), nickel (10—14), molybdenum (2—3), manganese (< 2), silicon
(< 1), nitrogen (< 0,1), oxygen (< 0,1), phosphorus (< 0045), carbon (<
0,03), sulfur (< 0,03) and iron (rest).

The samples were manufactured with a Laser Powder Bed Fusion
system equipped with a fiber laser (EOS M280 400 W). The laser beam
used for the fabrication had a wavelength of 1070 nm, a Gaussian shape,
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and a power of 195 W, the laser spot had a diameter of 0.07 mm. The
scanning speed of the process was 1083 mm/s, the laser height was 20
um and the hatching was 90 um. The parts were built with the orien-
tation shown in Fig. 1.

The printed parts were ground with SiC emery paper up to 1200
grade and post-processed by the three different heat treatments shown
in Table 1.

2.2. Microstructural characterization

The microstructural analysis of the as-built and the heat-treated parts
was carried out by optical microscopy (Leica DMR equipped with Leica
Image Pro-Plus software) and Scanning Electron Microscopy (SEM) with
an accelerating voltage of 15 kV using a Hitachi S-3400 N microscope
equipped with an Energy Dispersive X-Ray Spectrometer (EDS, Bruker
AXS Xflash Detector 5010). For this study, the as-built and heat-treated
parts were cut and embedded, mechanically polished, and electroetched
in 10% oxalic acid solution at a potential of 6 V.

Porosity was measured by optical microscopy, measuring 10
different zones per part by using the Leica Image Pro-plus software to
obtain the percentage of porosity in every zone.

Archimedes’ density method was used to measure the influence of
the heat treatment on the density of the studied parts, comparing the
results with those obtained by analyzing the porosity by optical micro-
scopy. Every part was weight in the air and immersed in water and the
Archimedes density, p, was obtained by the Eq. 1:

W(a) [p(1) = pla)]

P T w9 W

Where W(a) is the weight of the part measured in the air; p(fl), the
density of the water in which the part is immersed counting with its
temperature; p(a), the air density in room conditions; and W(fl), the
weight of the part immersed in water.

Grain size, G, was measured to study the influence of the heat

treatments on it. G was obtained by using Eq. 2:
N =2 @)
Where N’ is the number of grains per mm? counted in a zone. Five
measurements were taken to ensure the quality of the measurements. In
conclusion, an increment of the G parameter indicates a decrease in the
grain size.

X-ray diffraction (XRD) using a Philips X'Pert diffractometer
(CuKa=1.54056 f\) was used to identify the phases formed in the
samples.

The microstructures of the Alloys have been characterized on thin
foils using transmission electron microscopy (TEM) and scanning TEM
(STEM) techniques on a JEOL JEM 3000 F equipped with an EDS de-
tector and field emission Schottky gun, with an accelerating voltage of

Build
Direction

Fig. 1. Build orientation of the manufactured parts.
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Table 1
Heat treatments conditions.

Sample Temperature (°C) Treatment time (h) Cooling method
as-SS/SLM None None None
SS/SLM/400 400 4 Annealing
SS/SLM/650 650 2 Annealing
SS/SLM/1100 1100 0.5 Tempering

300 kV. The STEM unit has an annular dark field detector (ADF) that
makes it possible to acquire both, low angle (LAADF) and high angle
annular dark field (HAADF) images by changing the camera length. The
characterization of microstructure has been mainly performed in STEM
mode by acquiring LAADF images or in some cases- HAADF images to
remove contrast from forest dislocations and to obtain a purer Z-contrast
of the precipitates in the images.TEM discs with 3 mm in diameter were
thinned using a Struers Tenupol-5 electropolishing unit in a solution of
10% perchloric acid and 90% acetic at 10 V and 15 °C. Microchemical
analysis performed by EDX Oxford INCA on secondary phases was car-
ried out on the same thin foils.

Microhardness tests were carried out using a Microhardness Tester
(SHIMADZU HMV-2TE) by applying loads of 980.7 mN (HVO0.1) for 15 s
on the polished samples with a Vickers penetrator. The average hardness
value was calculated after ten indentations.

2.3. Electrochemical testing

Electrochemical tests of the several parts were carried out using a
three-electrode cell configuration: the working electrode, which was the
analyzed sample; a reference electrode of silver/silver chloride (Ag/
AgCl, KCl 3 M), and a counter electrode of graphite. These tests were
performed in a 3.5% NaCl water and aerated stagnant solution at
controlled room temperature with an Autolab PGStat302N potentiostat,
provided with Nova 2.1 software. The surface of each sample was
ground up to 1200 before the tests.

Linear polarization tests were carried out for 168 h of immersion
varying the potential from + 10 mV around the corrosion potential
(Ecorr) and using a scanning rate of 1 mV/s to calculate the Polarization
Resistance (Rp) of the specimens. Rp values were obtained by triplicate
at different time lengths: 1, 6, 24, 48, 72, 96, and 168 h to study the
evolution of this parameter through time.

Tafel tests (anodic — cathodic polarization measurements) were
performed by polarizing the samples between —800 mV and 1 V around
the Ecorr with a scanning rate of 1 mV/s. Three tests were made for each
condition in different specimens after 1 h of immersion.

Cyclic potentiodynamic tests were carried out to determine the
susceptibility to localized corrosion. A polarization scan was carried out
in the anodic direction, starting at — 1.4 V, at a rate of 0.1 V/s with a
maximum and minimum potential of 1 V and —1.4V, respectively,
around the Ecorr. The sweep direction was reversed at a limit threshold
of 5mA/cm?. These tests were performed after 1 h of immersion by
triplicate in different samples.

EIS tests were performed at the same times as the Polarization Re-
sistances tests. These AC Electrochemical Impedance tests were per-
formed by a sinusoidal potential wave at Ecorr with an amplitude of
10 mV over the frequency range from 10° to 10”2 Hz, recording 10
points per decade, resulting in Nyquist and Bode plots. The fitting of the
curves to determine the equivalent circuits was made with the FRA
software from Autolab and the best fitting values are shown for each
test. The accuracy of the fitting values was not included because of the
variability of experimental and fitting errors.
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3. Results and discussion
3.1. Effect of heat treatment on phase and microstructure

Fig. 2 shows the XRD patterns obtained for the as-SS/SLM specimen
and the heat-treated samples. The only peak that appears in the XRD
spectra of the as-manufactured samples was austenite, and no additional
peaks of any new phase were observed on the heat-treated samples.
However, the limited sensitivity of XRD phase analysis does not allow
observing the formation of other minor phases besides austenite. So, the
formation of other minor phases caused by the heat treatments, like
delta or sigma ferrite or some intermetallic phases, cannot be excluded.

The LPBF stainless steel sample has a macroscale structure as shown
in Fig. 3. The micrography, in the plane parallel to the building platform,
reveals a structure that is determined by the laser-scanning pattern and
is characterized by the molten and rapidly solidified regions. The
structure of the planes perpendicular to the building platform shows that
the manufacturing process, due to the overlap of the laser-scanning
pattern, leads to the formation of a network of melt pools.

SEM micrographs of the different samples are shown in Figs. 4 and 5.
The as-SS/SLM specimen showed a complex cellular microstructure and
fine sub-grains characteristic of the LPBF processed samples. The high
density of the microstructure is demonstrated as it has very few spherical
pores.

In Fig. 4a and Fig. 5a, it can be seen the general microstructure of an
as-built SS 316 L specimen. At low magnification, melt pools can be
observed as a footprint of the laser used during the process. At high
magnification, it can be seen the principal phase, austenite, appeared as
columnar grains. On the other hand, there was segregation of the ferrite
stabilizing elements, such as chromium or molybdenum, which can
propitiate the nucleation of ferrite, as a secondary phase, in the grain
borders [41,42]. These grains are smaller in the limit of the melt pools,
because of the faster cooling in that zone during the solidification. The
presence of delta ferrite was not observed in DRX, indicating that it
would only appear in a very low proportion or that it does not exist in
our samples.

In Figs. 4b and 5b, it can be seen the microstructure of the SS/SLM/
400 sample and in Figs. 4c and 5c, it can be observed the microstructure
of the SS/SLM/650 one. In both cases, the microstructure is like the as-
SS/SLM: There is still a presence of columnar grains of austenite. The
only difference is the grain size, which has grown with the increment of
temperature. In this way, the biggest grains are present in the SS/SLM/

SS/SLM/1100
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SS/SLM/650

SS/SLM/400

i

As-SS/SLM
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30 40 50 60 70 80 90
26 (°)

Fig. 2. XRD patterns of the 316 L SLM sample and the three heat-
treated samples.



J. Bedmar et al.

Fig. 3. Optical micrographs at 100 magnifications of as-SS/SLM sample.

650 specimen. Other studies have found that, in this case, there are other
effects like the reduction of the residual stress with the increment of
temperature [43].

Finally, in Figs. 4d and 5d it can be seen the microstructure of the SS/
SLM/1100 sample. In this case, the structure of columnar grains has
changed to a microstructure formed by austenitic equiaxial grains [44],
due to the recrystallization and growth of new grains [24]. Due to the
high temperatures, the delta ferrite dissolves partially provoking
microsegregation of elements like chromium, molybdenum, or manga-
nese. The microsegregation can provoke the apparition of a new phase,
sigma ferrite, at 800 °C [24], which could grow from the grain bound-
aries to the inner of the grains [45]. In contrast, these ferritic phases
have not been found by SEM, so TEM was required to confirm the
composition of the different phases.

Fig. 6 shows the general views of the different specimens observed by
STEM-EDS. In the as-SS/SLM, SS/SLM/400, and SS/SLM/650 (Fig. 6a, b,
and c, respectively), different nanoinclusions can be seen, as shown by
other authors in previous studies [46,47]. These spherical nano-
inclusions were mainly attributed to the accumulation of elements like
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oxygen, silicon, manganese [40], aluminum [48], and nitrogen [49].
Besides these inclusions, only austenite was detected, as is shown in the
diffraction pattern in Fig. 7, which corresponds to an FCC structure. In
this pattern, it can be seen a slight modification of the interplanar dis-
tance because the structure has more elements besides the iron. On the
other hand, in the SS/SLM/1100, Fig. 6d, other precipitates with
irregular and angular geometry were observed, besides the mentioned
nanoinclusions.

The precipitates found in the SS/SLM/1100 were richer in chromium
and manganese than the austenite matrix, similar to the nanoinclusions,
as shown in Fig. 8(a), general microstructure observed by STEM; b) EDS
spectra of the matrix and the inclusions; and c) EDS of the difference of
both spectra). Several authors, like Laleh et al. [40] and Wang et al.
[49], have claimed that this composition is attributed to the existence of
manganese chromite spinel, MnCryQy4. Laleh et al. claimed that they also
found MnS inclusions in their heat-treated specimens. However, in this
study, these MnS inclusions have not been found, but their presence
cannot be discarded. Other authors, like Wang et al. [50], and Saeidi
et al. [51] found phases like ferrite, but this is not the case in this study.
In any case, all the authors coincide that heat treatment at 1100 °C
caused the apparition of phases that do not exist in the as-built samples.
Also, in the TEM studied specimens, it was observed a reduction in the
number of dislocations with the increment of temperature. These dis-
locations mainly originated from the rapid solidification induced ma-
terial deformation, and their diminution was observed at temperatures
above 650 °C, as other authors claimed [49], although we have also
observed this reduction at lower temperatures, i.e., 400 °C.

3.2. Porosity, density, and hardness

A general study of the defects of the parts has been carried out. In the
evaluated parts, defects like lack of fusion have not been found, but a
small amount of porosity was observed. The values of porosity and grain
size for the samples manufactured and heat-treated are shown in Fig. 9.
The density of the samples after the heat treatments (blue squares)
decreased with the temperature of the heat treatments provided, which
is related to an increment of the porosity. And due to this, porosity more
than doubled by treating the samples at 400 °C, tripled after the 650 °C
treatment, and showed a four-some increase after the 1100 °C

Fig. 4. SEM micrographs of a) as-SS/SLM, b) SS/SLM/400, c) SS/SLM/650 and d) SS/SLM/1100.
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Fig. 6. STEM images of a) as-SS/SLM, b) SS/SLM/400, c¢) SS/SLM/650 and d) SS/SLM/1100.
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Fig. 7. Diffraction pattern of the matrix found in every studied specimen, in
this case, in the SS/SLM/1100.

treatment. This phenomenon can be explained as the pores observed by
optical microscopy were formed by the presence of trapped gas in the
microstructure during manufacturing, which, in some cases, comes from
the vaporization of elements of the alloy. In other manufacturing pro-
cesses, trapped gas comes from the incorporation of gases from the at-
mosphere into the microstructure. In this case, the defects observed were
spherical, and with the heat treatments, they grew, indicating that there
is trapped gas in the pores that expanded during heating. However,
porosity in these samples was residual (less than 0.5% in every specimen
as observed by optical microscopy), and the increase, although

Manganese chromite
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relatively important, has a negligible total value in many properties such
as the mechanical ones. However, sometimes, small pores give rise to the
initiation of corrosion mechanisms, and it is important to evaluate their
influence. Fig. 10 shows the general surface state of each type of spec-
imen before the corrosion tests, showing the increment of the porosity in
the SS/SLM/650, c; and SS/SLM/1100, d; specimens with regard to the
as-SS/SLM, a; and SS/SLM/400, b; samples.

On the other hand, the grain size of the material grew with the heat
treatments applied, as it is shown by the red diamonds in Fig. 9, which
show a reduction in the grain size number, G. After the 400 °C heat
treatment, the grain size showed a split behavior that resulted in very
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Fig. 9. Results of the density and the grain size number, G, depending on the
temperature of the heat-treatment applied.
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Fig. 10. Surface state of the samples before the corrosion tests: a) as-SS/SLM, b) SS/SLM/400, c) SS/SLM/650 and d) SS/SLM/1100.

large uncertainty in the measurements. This indicates that some grains
seem to reduce while others grow. This observation can be explained
from the perspective of the initiation of a recrystallization process that is
characteristic of systems that show a high number of defects. In these
types of systems, new crystals of small size appear in zones that show
many defects, in the first instances, these grains are small, but with time
they grow to sizes larger than the initial ones. Therefore, in our system,
there seems that the grain structure was growing through a recrystalli-
zation process. After the heat treatment at 650 °C, the grain size shows a
homogenization, characterized by a small standard deviation, and an
increase in size. Finally, after the heat treatment at 1100 °C, the grain
size was larger as the grain number, G, reduced.

This behavior has been also observed in other studies [46], and it is
attributed to the recrystallization that the specimen suffers under this
temperature [48]. Some authors have claimed that there is an interac-
tion between the porosity and the grain size of the stainless steel once it
is treated [47]. In this case, the coarsening of the microstructure during
the heat treatment provoke small rounded pores (Fig. 5d), as shown in
other studies [52].

The results of the hardness testing are plotted in Fig. 11 along with
the grain size number. There was a clear similitude of both magnitudes
as both show the same tendencies. An increment of the temperature of
the heat treatment caused the coarsening of the microstructure, which
provokes a reduction of the hardness that can be explained through the
Hall-Petch effect, which indicates that the reduction of the grain
boundaries, which presents a resistance to the transmission of slip from
one grain to the next.

Large dispersion of the hardness values was observed. A similar
dispersion was found in other studies [53] and is caused by the different
orientations of the grains and the various phases present in the material.

3.3. Electrochemical analysis

3.3.1. Potentiodynamic polarization measurements

Polarization measurements of the as-SS/SLM and the heat-treated
samples were carried out in 3.5 wt% NaCl. Fig. 12a shows the evolu-
tion of the polarization resistance values (Rp) of the different systems
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Fig. 11. Hardness (HVo 1) and grain size number, G, for the temperature
treatments used.

with the immersion time.

The Rp value of the untreated sample and the SS/SLM/400 one
increased with immersion time, reaching an Rp value of about 6-10°
Q cm?. The as-SS/SLM sample showed slower growth, increasing with
the square root of time. The SS/SLM/400 showed a fast increase and
reached its maximum value after only 24 h of immersion.

For the SS/SLM/650 and the SS/SLM/1100 samples, the Rp values
decreased with the increase of the immersion time. This difference in the
Rp values evolution indicates that different corrosion mechanisms were
taking place in the different tested samples and that a change in the
composition of the sample has happened.

Also, the initial Rp values strongly differed between samples. The
lowest Rp value was obtained for the SS/SLM/400 sample after 1 h of
immersion in NaCl, showing a value of about 3.35-10% Q cm? At this
time, the results obtained for the as-SS/SLM, SS/SLM/650, and SS/SLM/
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Fig. 12. Electrochemical results of the SLM specimens tested in 3.5 wt% NaCl solution a) polarization resistance (Rp) vs immersion time b) Tafel curves after

1 h immersion.

1100 samples were 3.21-10° Q cm? 4.32:10° Q cm? and 2.07-10°
Q cm?, respectively, i.e., were nearly one order of magnitude higher.
From this time on, the lowest Rp values corresponded to the SS/SLM/
1100 sample at every immersion time.

Anodic-cathodic polarization tests were made in 3.5 wt% NaCl
aqueous solution after 1 h of stabilization time. The obtained curves of
the untreated and the heat-treated stainless-steel samples are shown in
Fig. 12b. The horizontal dashed line in Fig. 8b represents the corrosion
potential of a bulk 316 L stainless steel plate and is plotted for com-
parison. Table 2 shows the Open Circuit Potential (OCP), the corrosion
potential (E..), and the corrosion current densities (ico) obtained using
the intersection method in the Tafel curves. The analysis of the corrosion
potential allowed obtaining the thermodynamic characteristics of the
reaction systems.

A slightly difference in the E.,, values have been observed for the
different tested samples, and the potential reduced with the treatment
temperature. The difference observed may be related with the differ-
ences in the oxygen limit current density, as the tests were carried out in
aerated solution in stagnant conditions. All the values differed from the
corrosion potential of the 316 L bulk stainless-steel material (0.2 V)
used as a reference, and the difference slightly decreased with the high-
temperature heat treatments.

The corrosion density is indicative of the corrosion kinetics of the
system. The lowest i, was obtained for the as-SS/SLM sample
(0.213 pA/cm?). The heat-treated samples showed higher corrosion
densities, 1.33 pA/cm?, 0.967 pA/cm? and 0.539 pA/cm? for SS/SLM/
400, SS/SLM/650 and SS/SLM/1100 samples, respectively. Therefore,
the greater the temperature of the heat treatment, the lower the corro-
sion density of the samples; except for the as-built SLM samples. These
results evidence that the heat treatments do not improve the corrosion
behavior of the SLM stainless steel as measured from the electrochemical
tests.

The anodic regions of the different curves (Fig. 12b) were charac-
terized by a constant current density zone followed by an abrupt current
density increase, which indicates the passive and the passive film
breakdown behaviors. The SS/SLM/400 sample showed anodic current

Table 2

Open Circuit Potential (OCP) and corrosion densities (i) of the specimens
tested in 3.5 wt% NaCl from the anodic-cathodic corrosion test after 1h
immersion.

Sample OCP (V) Ecorr (V) icorr (uA/cm2)
as-SS/SLM -0.13 + 0.02 -0.37 £ 0.05 0.21 + 0.05
SS/SLM/400 -0.17 £ 0.01 -0.37 £ 0.03 1.33 £0.13
SS/SLM/650 -0.04 + 0.02 -0.35 + 0.03 0.67 +£0.11
SS/SLM/1100 -0.10 + 0.01 -0.33 £+ 0.02 0.54 + 0.05

fluctuations (inset in Fig. 12b) which are related to metastable pitting.
Although these fluctuations were also observed in the other samples, for
SS/SLM/400 sample the metastable pitting was more prominent. For the
as-SS/SLM sample, the changes in the current density observed at po-
tentials near 0.7 V were related to the oxygen evolution. Also, the
dispersion observed within similar samples could be caused by differ-
ences in porosity and precipitates formed in each sample, confirming
their role played in localized corrosion.

Cyclic polarization tests were also carried out (Fig. 13). The curves
show that the specimens treated at 400 °C and the as-built parts
immersed in 3.5% NaCl for one hour did not suffer pitting corrosion
during the test as the curve at its top shows a strong reduction in the
current density when the potential slightly reduces. On the other hand,
the curves of the samples treated at higher temperatures suggest the
presence of pitting corrosion as the curve shows a small amount of
hysteresis at the higher potential values. The surface morphologies of
the different samples after the immersion test are shown in Fig. 14. No
pits were observed on the surfaces of the as-ss/SLM and SS/SLM/400
samples as shown in Fig. 14 a and b, respectively. Otherwise, the anal-
ysis of the surfaces of the SS/SLM/650 and SS/SLM/1100 samples
(Fig. 14 c and d) revealed the presence of pits with a diameter that in
some cases surpasses 100 um.

In the case of the SS/SLM/1100 specimen, the irregular geometry of
the MnCry04 and the presence of other phases like MnS caused by the
high temperature treatment [37,54], are responsible for the formation of
a Cr-depletion zone that weakened them so that they can act as pit
initiation site [36,38-40]. Specifically, Laleh et al. found that inclusions
formed by Mn and S act as pits initiators since they dissolve from the
interface to the matrix to the inner of them [40]. Also, Wang et al. found
that these inclusions act as nucleation sites for the pitting corrosion,
reducing the corrosion resistance of the 316 stainless steel [49]. On the
other hand, Chao et al. made a bibliographic study on the role of in-
clusions as pits initiators and, although they claimed that these in-
clusions were the cause of pitting corrosion, they were not sure on the
mechanisms involved [55]. This behavior of the oxide is not found in the
spherical nanoinclusions, so the behavior of the spherical inclusions is
not detrimental, as the same authors confirm. On the other hand, the
SLM technique, due to the fast cooling of the melted layers, avoids the
Cr-depletion zones that 316 L stainless steel has when it is fabricated by
other manufacturing methods, so the apparition of these pitting initi-
ating zones is avoided. Finally, zones with pores have been found to be
pitting-sensitive sites since they provide diffusion mechanisms that
worsen the corrosion resistance [36]. This fact can cause inconsistency
in the corrosion performance, as can be seen in the deviation of the
cyclic polarization values [54].
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Fig. 13. Cyclic potentiodynamic polarization curves of the as-SS/SLM and the heat-treated LPBF samples.
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Fig. 14. Surface morphology of a) as-SS/SLM, b) SS/SLM/400, c¢) SS/SLM/650 and d) SS/SLM/1100 samples after the cyclic potentiodynamic polarization test.

3.3.2. Electrochemical impedance spectroscopy (EIS)

The Nyquist and Bode plots for the EIS of the as-SS/SLM sample and
the heat-treated alloys in 3.5 wt% NacCl solution at the different im-
mersion times up to 168 h are shown in Fig. 15. The curves shown are
characteristic results for the test made by triplicate in the samples. The
results obtained can be used to estimate the stability of the oxide film on
the additive manufactured stainless steel sample when heat treatments
are carried out. The Nyquist plots of all tested samples showed partial
capacitive semicircles regardless of the sample and the immersion time
used. This indicates that corrosion is controlled through charge trans-
ference and not mass transference. Therefore, there were no diffusion
mechanisms present in the corrosion diagrams. In this context, the
greater the diameter of the apparent semicircle, the greater the resis-
tance to electrochemical dissolution and the greater the stability of the
passive film. Also, the Bode plots provide the modulus of the electro-
chemical impedance and allow the evaluation of the behavior of the
samples.

In the Bode-phase plots vs frequency, the phase angles were always
smaller than 90. The contribution of the different frequencies to the
corrosion impedance was similar in all the systems at every immersion

time. Only differences in the phase diagram were observed for the as-
built and heat-treated at 400 °C for the shorter immersion time. These
samples showed lower phase values at high frequencies, which indicates
that the answer of the system to the potential perturbation is dominated
by the resistance of the solution (Re). On the other hand, when the
frequencies were lower, the phase was higher, which indicates that the
process was dominated by the resistance of the surface of the metal, i.e.,
R7; the Constant Phase Element (CPE) Qz; and Ry and Qg in the cases in
which they existed.

In the Bode diagrams of |Z| vs frequency, the impedance value ob-
tained at the lowest frequency (10~2 Hz) indicates the barrier properties
of the oxide layer. It can be observed that the total impedance of the
matrix/film/solution system for the SS/SLM/400 sample was larger
than for the other tested samples at all immersion times, followed by the
as-SS/SLM sample. The as-built and heat-treated at 400 °C showed a
strong evolution of the corrosion impedance from values slightly above
10° Q em? to 3-10° Q em? and 5:10° Q em?, respectively. The samples
treated at higher temperatures showed very similar curves and values
from the first immersion hour to 168 h. In both cases, the values were
lower than those of the other samples, with maximum values of 0.5-10°
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Q cm? for the sample treated at 650 °C, and 2-10° Q cm? for the one
treated at 1100 °C. For each sample, this value increased with the in-
crease of the immersion time, except for the SS/SLM/1100 sample,
where the maximum value was reached after 72 h of immersion. These
results are in good agreement with the anodic polarization experiments,
where higher polarization resistance and a much larger passive region
were observed for as-SS/SLM and SS/SLM/400 samples compared to the
other samples.

Despite the differences in values observed, the most relevant data is
the diameter of the capacitive circle, which seems similar in both cases,
and requires fitting. To do so, two equivalent electric circuits (EECs)
related to the microstructure of the passive films on stainless steel were
proposed (Fig. 16). These circuits change depending on the heat treat-
ment. On the one hand, the treatment at 400 °C kept the regularity and
the homogeneity of the passive layer that the parts have without heat
treatment. In this case, the circuit which fits the EIS curves is the one
shown in Fig. 16 a with one time constant: Re for the resistance of the
solution, and R; and the CPE Q; for the impedance of the passive layer.
On the other hand, as mentioned before, treatments at the highest
temperature increased the porosity and caused the apparition of
chromium-depletion zones, which weaken the passive layer. All of this
makes a weaker surface of the 316 L stainless steel, resulting in the
circuit of Fig. 16 b, which has two time constants and is used for porous
films: in addition to the elements mentioned before, this circuit has two
other elements, Ry and the CPE Qa, associated with the irregularities of
the surface passive layer [56]. A constant phase element (CPE) in an
equivalent circuit that imitates the behavior of an imperfect capacitor,
with an impedance defined by:

Zere = [QGw)"] ™ 3
where Q is the capacitance, o is the angular frequency and n is a factor
that estimates the deviation of the system from ideal capacitive behavior
[57]. When n =1, CPE describes an ideal capacitor and Q is the
capacitance C. When n = 0.5, the CPE is a Warburg impedance related to
the ionic flux across the film, which is corresponding to the porous
electrode [57].

A good fit was achieved between the experimental results and the
equivalent circuits proposed. The values of the impedance parameters
Re, R1, Q1, n3, Ry, Qg, and ny from the fitting of the different equivalent
circuits for the different samples are shown in Table 3. It can be observed
that the fitting using two time constants in the equivalent circuit was
possible only for the results obtained at 1 h of immersion for all tested
samples and the SS/SLM/650 and SS/SLM/1100 samples, regardless of
the immersion time. In this model, during the process of coverage, the
film previously formed can suffer important changes in its properties,
such as thickness, crystallinity, resistivity, or capacity. So this model
proposes the growth and destruction of the passive film [58]. The fitting
suggests that the passive film formed in SS/SLM/650 and SS/SLM/1100
samples had defects and this caused its low corrosion resistance. The g,
value, which represents the electrolyte bulk resistance, was approxi-
mately 20 Q-cm? in all tested samples. This value corresponds to the
intersection of the capacitive semicircle with the real axis at high fre-
quencies in the Nyquist plots. R; and Q; evaluate the behavior of the
passive film formed. Q; represents the capacity behavior of the passive

Fig. 16. Proposed equivalent circuit for the AM heat-treated specimens: a) for
as-SS/SLM and SS/SLM/400 and b) for SS/SLM/650 and SS/SLM/1100.
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film and R; is related to the resistance due to the ionic paths through the
oxide film. In the second process, Q2 represents the capacitive behavior
at the double layer in the interfaces and Ry the charge-transfer resis-
tance. The R; values were higher for as-SS/SLM and SS/SLM/400 sam-
ples than for SS/SLM/650 and SS/SLM/1100 samples which
demonstrate the higher protection obtained for these samples. The Q;
values obtained, which indicate the compactness of the film (the smaller
the value, the more compact the layer), suggest that similar compactness
was obtained.

These circuits are also employed to quantify the charge transfer
resistance and the charge distribution within the electrical double layer.
Graphs of these values are represented in Fig. 17. In Fig. 17 a, it can be
seen the evolution of the element R;, associated with the resistance of
the passive layer which, as mentioned before, is weaker when the parts
have had heat treatments at high temperatures, while the treatments at
low temperature maintain a similar resistance of the passive layer as the
parts without heat treatment. However, the resistance R; of the SS/SLM/
400, besides being smaller than the of as-SS/SLM, reduced with time for
the last hours of the test, something that does not happen in the case of
the parts without heat treatment, but which showed lower resistance
values.

In Fig. 17 b, it can be seen the evolution of the CPE Q;. When this
element declines, the resistance of the passive layer increases. This
happened in all the samples except in the case of the SS/SLM/1100,
which had a nearly constant Q; value that slightly increases with time.
This result, according to the facts mentioned before, shows that the
passive layer of the parts treated at high temperatures was weaker. This
fact was related with several factors. The apparition of chromium
-depletion zones provides local sites for corrosion pits. This fact weakens
the passive layer. Moreover, the resistance of the passive layer, the R1
factor, obtained for as-SS/SLM sample was greater than that obtained for
SS/SLM/1100 at all immersion times. Furthermore, the impedance di-
agram obtained for the SS/SLM/1100 sample was more complex than
the one obtained for th as-SS/SLM sample, showing that more than one
exponential is involved in the description of the mechanism of the sys-
tem. So, for the SS/SLM/1100 sample we use the equivalent circuit of a
porous layer to obtain a good fit of the impedance diagram. This fact
affect the Q1 value obtained.

The thickness of the passive film can be obtained by the capacitance
value, as authors like Brug et al. [59] and Hirschorn et al. [60] claim.
The effective capacitance (Ce) of the surface layer associated with the
CPE can be expressed as:

C,,ﬁ _ Ql/,,R(ll—n)/u (4)

The capacitance can be related to film thickness (def) according to:

E &

Cor = (5)

dﬂﬂ

where ¢ is the dielectric constant of the film, g is the permittivity of the
free space (8.85~10’14 F/cm) [60]. The dielectric constant of chromium
oxide and iron oxide is 12 [61]. The results obtained for the effective
capacitance and the thickness of oxide films formed on the different
heat-treated samples at different immersion times are shown in Table 4.
To facilitate an understanding of the results, the § values are shown in
Fig. 18. The thickness of the oxide layer increased with the increase of
the immersion time for all samples suggesting more formation of
Fe-oxide and hydroxides on the external surface of the passive layer.
From 24 h, the values stabilize, and higher thicknesses were obtained for
SS/SLM/650 and SS/SLM/1100 samples. Although the thickness of the
oxide films of these samples is higher than that obtained for as-SS/SLM
and SS/SLM/400 samples, the protection that they offer is lower and this
is related with the formation of porous hydroxides layer [62].

The evolution observed by EIS in the different systems corresponds
well with that observed in the Tafel measurements. The behavior of the
as-SS/SLM samples is characteristic of a structure in which there is a
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Table 3

Impedance parameters from the equivalent circuits fitting for the different samples.
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Sample Immersion time (h) re (Q o cm?) R x 10° (Q e cm?) Q1 x 107° (Qecmes™) n; Rz x 10° (Q e cm?) Q2 x 107° (Qecmes™) ny
As-SS/SLM 1 24.0 0.01 6.79 0.90 1.35 1.78 0.33
6 22.7 2.18 3.96 0.89
24 23.5 2.90 3.66 0.90
48 23.1 4.40 3.48 0.89
72 22.4 3.48 3.39 0.90
96 22.8 4.06 3.23 0.90
168 24.6 4.82 3.18 0.91
SS/SLM/400 1 20.5 0.10 4.46 0.91 0.15 2.97 0.92
6 19.7 0.77 2.98 0.92
24 20.6 1.67 2.42 0.93
48 18.9 1.67 2.40 0.93
72 19.2 1.79 2.25 0.93
96 18.7 1.51 2.26 0.93
168 22.7 1.00 2.37 0.92
SS/SLM/650 1 20.1 0.33 3.19 0.89
6 20.1 0.02 2.63 0.92 10.0 5.15 0.40
24 20.5 0.0041 2.44 0.93 36.2 5.81 0.41
48 19.1 0.028 2.37 0.93 100.0 0.59 0.40
72 19.5 0.0082 2.25 0.94 100.0 0.61 0.44
96 19.2 0.10 2.02 0.94 50.0 0.67 0.47
168 19.0 0.0068 2.21 0.94 10.5 0.67 0.47
SS/SLM/1100 1 17.4 2630 2.55 0.90 1.64 1.95 0.68
6 16.7 3100 2.66 0.91 1.28 1.94 0.68
24 17.3 0.0028 2.77 0.91 1.04 1.71 0.70
48 171 0.0029 2.74 0.92 1.06 1.65 0.71
72 16.7 0.0031 2.79 0.92 0.98 1.67 0.71
96 16.5 0.0031 2.81 0.92 1.03 1.68 0.71
168 15.6 0.0033 2.82 0.92 1.08 1.62 0.72
) s, w as-SSiSLM ) 4octo- —m— as-SS/SLM
@ SS/SLM/400 //' @ SS/SLM/400
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Fig. 17. Evolution of the values of a) RI and b) QI for every sample.
Table 4 homogeneous corrosion behavior, despite the characteristic micro-
able

Effective capacitance and thickness of oxide films formed on the different heat-
treated samples at the different immersion times.

Sample As-SS/SLM

Immersion time (h) 1 6 24 48 72 96 168
Cefr (UF/cm?) 65.0 68.7 61.5 64.8 57.6 55.5 52.3
8 (nm) 1.6 1.6 1.7 1.6 1.8 1.9 2.0
Sample SS/SLM/400

Cefr (pF/cmz) 51.7 39.1 32.0 31.7 29.7 29.5 31.2
8 (nm) 2.1 2.7 3.3 3.4 3.6 3.6 3.4
Sample SS/SLM/650

Cefr (pF/cmz) 42.7 249 20.5 23.0 20.2 21.1 19.6
8 (nm) 2.5 4.3 5.2 4.6 5.3 5.0 5.4
Sample SS/SLM/1100

Cefr (pF/cm2) 87.7 81.5 21.5 22.0 22.6 22.7 229
8 (nm) 1.2 1.3 4.9 4.8 4.7 4.7 4.6
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structure of the SLM process. Apart from this, it does not seem to be
zones that would cause the formation of a weak passive layer, which
appears as a low corrosion intensity and high R1 resistance values. The
evolution with time of the different variables indicates that the passive
layer grows with time without relevant defects. When heat treatments
were applied the corrosion behavior was modified and both, Tafel and
EIS, showed a reduction in the corrosion resistance. In the SS/SLM/400
case, the corrosion intensity grew in a similar amount as R1 reduced, but
the OCP remained constant and there no new mechanisms were revealed
by EIS. This indicates that there were no new phases formed in the alloy
and that the corrosion process was not significantly changed. The
changes in the values can be explained as the result of the growth of the
grain size observed, which also caused a reduction of the hardness and a
possible increase in the chromium carbides size [46].

At higher temperatures of the heat treatment, i.e., 650 °C and
1100 °C, it was observed that the OCP changed and that EIS needed the
addition of new elements in the equivalent circuit. This behavior is
indicative of the presence of new phases and changes in the local
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Fig. 18. Thickness of the oxide films of the different samples vs immer-
sion time.

composition of the stainless steel. This was also suggested by the
apparition of sensitivity to pitting corrosion in the cyclic corrosion tests.
These results suggest that the segregation of elements causing the for-
mation of new phases, such as MnS, and the formation of zones with
depletion of chromium appeared in the samples due to the high tem-
peratures used [39]. Therefore, in these conditions a passive layer is
formed, while there is a passive layer breakdown in the vicinity of the
Mn-chromite particles because of the reduction of Cr.

The influence of the heat treatments is very significant in the
corrosion behavior of the 316 L stainless steel. The election of the heat
treatment is important for the mechanical properties and also for the
corrosion performance of the manufactured specimens. Therefore, it is
essential to select a good heat treatment to reduce the defects and
improve the mechanical properties without worsening the corrosion
behavior of the parts by the formation of detrimental phases that could
induce a new corrosion mechanism.

4. Conclusions

1. 316 L Stainless Steel parts fabricated by Laser Powder Bed Fusion
were post-processed with different heat treatments to evaluate their
influence on the microstructure, hardness, and corrosion behavior;
progressing in the knowledge of the influence of these methods on
the corrosion performance of the 316 L stainless steel.

2. Heat treatments caused the growth of the grain size, the increase in
the porosity, and the decrease in the hardness. Also, the heat treat-
ment at 1100 °C led to a microstructure change with the formation of
inclusions of MnCry0y4.

3. The as-built part and the specimen treated at 400 °C showed an
overall increase in the polarization resistance with the immersion
time, especially in the first 24 h, while the specimens treated at a
higher temperature started with a lower value and showed an overall
decrease in this parameter. On the other hand, Tafel tests showed
only small changes in the corrosion potential of the samples treated
at higher temperatures, which also showed more corrosion intensity.

4. In the same way, samples treated at 650 °C and 1100 °C suffered
pitting corrosion as shown in the cyclic polarization tests due to the
apparition of other phases and intermetallic precipitates and the
increment of the porosity. This phenomenon did not appear in the as-
built parts and the specimens treated at 400 °C.

5. The samples treated at 650 °C and 1100 °C showed the presence of
new phases and changes in the local composition of the stainless
steel. The passive layers formed were thicker, but more porous and
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less protective. Also, local breakdown of the layer was observed in
the sample treated at 1100 °C because of the presence of Mn-
chromite inclusions.
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