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Selective laser melting (SLM) is a manufacturing technique that can be used to
create products with complex geometries and materials. This study investigated
the microstructure and electrochemical behavior of SLM-processed 316L stainless
steel (SLM-fabricated 316L SS) and a commercially wrought counterpart in a con-
crete pore solution. The results showed that SLMed 316L SS had a finer micro-
structure with ultrafine cellular/columnar grains than the wrought counterpart. This
was due to the high cooling rate of the SLM process. The SLM sample also had
a higher charge transfer resistance and lower corrosion current densities than the
wrought counterpart, indicating better corrosion performance in alkaline media.
This could be attributed to the fabrication method of the SLM- fabricated sample,
which prevents the formation of harmful phases and defects.

1. Introduction

Additive manufacturing (AM) of alloys has been a
subject of significant interest due to its ability to produce
intricate pieces. In recent years, the mechanical properties
of AM products have improved as defects have decreased
and mechanical properties have been enhanced [1]. Addi-
tive manufacturing (AM) alloys have finer microstructures
than conventional fabrication processes such as casting
and rolling due to the rapid cooling of the molten alloy
during fabrication. This rapid cooling also increases the
solubility of the elements in the alloy matrix, which can

further improve the mechanical properties of the AM alloy.
As a result, AM specimens often have higher mechanical
properties than conventionally manufactured specimens
[2]. Stainless steel (SS) alloys are manufactured using AM
techniques due to their exceptional mechanical and cor-
rosion properties. 316L stainless steel is a versatile alloy
with excellent characteristics, making it suitable for a wide
range of applications [3-7].

It has recently been found that selective laser melting
(SLM) technology can be used to create products with
near-net-shape, complex, or functionally graded geom-
etries and materials [8, 9]. Furthermore, products fab-
ricated using selective laser melting (SLM) technology
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offer mechanical properties that are comparable to those
of products produced using conventional methods with
full density [10, 11]. The selective laser melting (SLM)
process produces a microstructure that differs greatly
from cast or wrought products due to its extremely high
cooling rate [12]. In the building direction, selective laser
melting (SLM) forms circular melt pools with overlapping
melt pools. The reported microstructure of SLMed alloy
is mainly determined by a cellular/columnar sub-grains.
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The microstructure of these sub-grain boundaries is very
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fine [13, 14].

The investigation of the corrosion resistance of
SLM-fabricated 316L stainless steel has gained much in-
terest in recent years. Some researchers have found that
316L stainless steel manufactured by additive manufactur-
ing (AM) is more corrosion resistant than its traditional
counterparts [15, 16]. he high corrosion resistance of AM
316L SS sample was attributed to the ultrafine grain struc-
ture created by the rapid quenching of the alloy powders
after laser melting [17]. Passive films developed on stain-
less steel can be more stable in corrosive media because of
their fine cellular/columnar structure [18]. The laser melt-
ing process also prevents the formation of harmful MnS or
(Ca,Al)-oxides [15].

In this study, long term corrosion behavior of SLM-fab-
ricated 316L SS investigated in the concrete pore solution
by potentiodynamic polarization and electrochemical im-
pedance spectroscopy (EIS). Although the microstructure
of as-received and corroded samples has been studied by
scanning electron microscopy equipped with energy dis-
persive x-ray spectroscopy (EDS).

2. Experimental
2.1. Materials

The SLM-fabricated parts in the study you mentioned
were manufactured with 316L stainless steel gas atom-
ized powder with a maximum particle size of 65 um. The
stainless steel powders were melted with a fiber laser of
300 watts and a hatch distance of 100 pm. During the
SLM process, each melted layer was set at a thickness
of 30 pm. After the SLM process was carried out in an
atmosphere of argon gas, cubes of 25x20%2 mm were
manufactured. The schematic in Fig. 1a and 1b depicts
the selective laser melting (SLM) process for producing
3D printed specimens (Fig. 1a.) and cubes (Fig. 1b.). A
commercially wrought 316L stainless steel plate was
provided for comparison. The chemical composition of
both wrought and SLM-fabricated 316L SS confirms that
the alloy belongs to the austenitic stainless steel group,
as previously reported [6, 19, 20]. In addition, Mojalla-
li Co. Iran provided analytical grade powders of sodium
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overflow glass

chloride (NaCl), sodium hydroxide (NaOH), and oxalic
acid (C,H,0,).

2.2. Methods

Samples of 316L SS that were fabricated using
Wrought and SLM techniques were ground with SiC
sandpapers, up to a size of 2000 grit. Afterward, they
were degreased in acetone, cleansed in distilled water,
and dried using cold air. The samples were then connect-
ed to a copper wire and mounted using an epoxy resin for
electrochemical tests. In addition, the polished samples
underwent electro-etching in a solution containing 10 g
oxalic acid and 100 cc deionized water with the appli-
cation of 6 V for 30 s [19]. The surface micrographs of
the stainless steel samples that were both wrought and
SLMed were examined using a field emission scanning
electron microscope (Camscan Mira Model). The distri-
bution of elements in the steel alloy was also analyzed
using an EDS detector.

To conduct electrochemical corrosion studies, a
three-electrode cell system was used, with either wrought
or SLMed samples serving as the working electrode.
These samples were mounted with epoxy resin and
exposed to a concrete pore solution containing 0.9 M
NaOH and 0.9 wt.% NaCl. A Pt wire and an Ag/AgCl
electrode acted as the counter and reference electrodes,
respectively. Electrochemical analyses were carried out
using a Radstat 1A potentiostat, including electrochemi-
cal impedance spectroscopy (EIS) and potentiodynamic
polarization to analyze the electrochemical behavior of
the specimens in the concrete pore solution. EIS mea-
surements were taken at OCP at different times in a fre-
quency range of 10 kHz to 10 mHz with an applied AC
signal of 5 mV. The experimental results were analyzed
using ZView 3.1 software and electrochemical equivalent
circuits to measure the corrosion parameters. Polariza-
tion parameters including corrosion current density (i_ ),
corrosion potential (E_ ), cathodic and anodic slopes (Bc
and Pa), potential of passivation (Epass), and potential of
pitting (Epn) were obtained using the Tafel extrapolation
method.

(b)

Fig. 1. (a) Schematic process of SLM process to produce 3D printed 316L SS [19] and (b) the produced cubes (the
length of cube is 25 mm).
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3. Results and discussion

The microstructure of wrought and SLMed 316L
SS was examined using optical and FESEM micro-
graphs. Wrought alloy (Fig. 2a.) has an angular mor-
phology, sharp edges with a grain size of about 25
um, while SLM-fabricated specimen (Fig. 2b.) shows
a heterogeneous structure with overlapping oval melt
pools and cellular/columnar sub-grains. The size
of each cell is determined by the temperature gra-
dient and cooling rate, which in the SLM process
with high cooling rates leads to ultrafine grains [19].

The surface micrographs in Fig. 3 a-b. illustrate
the presence of inclusions in both the wrought (a-b)

g pepeopepEibE
#

and SLMed (c-d) 316L SS. The wrought alloy contains
sharp inclusions, while the SLM-fabricated counter-
part has spherical inclusions. The main elements pres-
ent in the inclusions of the wrought sample are Ti and
N, whereas those in the SLM-fabricated sample are
Mn, Si, Cr, and O. The inclusion compositions in the
wrought sample is TiN, which can lead to pitting due
to the formation of galvanic couples between TiN par-
ticles and the matrix [7, 21]. In contrast, the inclusions
in the SLM-fabricated sample are probably combina-
tions of metallic oxides that precipitate during solidi-
fication. These oxide inclusions have a round shape
and are not as detrimental as those in the wrought
samples.

Fig. 3. SEM micrographs and EDS related to inclusion in the (a, b) wrought sample, and (c, d) SLM manufactured
sample.
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The corrosion behavior of 316L SS samples, both
wrought and SLM processed, in concrete pore solution
after 3 hours of immersion is depicted in Fig. 4a. through
Nyquist plots. These plots represent the electrochemical
behavior of metal/electrolyte through a depressed capaci-
tive semi-circle. The radius of the semi-circle indicates the
charge transfer resistance of the samples [22]. The inserted
circuit in Fig. 4a. can be used to explain the corroded sam-
ples' electrochemical behavior in the concrete pore solu-
tion. Experimental data was simulated using ZView soft-
ware based on electrochemical phenomena. The inserted
circuit used to explain the corroded samples' electrochem-
ical behavior includes a solution resistance, R, a charge
transfer resistance, R , and a constant phase element of
charge transfer resistance, CPE . R is the resistance of the
electrolyte solution between the working electrodes and
the reference electrode. R ; represents the charge transfer
resistance at the metal/electrolyte interface and can be es-
timated from the diameter of the capacitive loop. The im-
pedance value of a CPE is acquired according to A™! (i o)™,
where A is a constant related to capacitance, i is an imag-
inary figure, o is the angular frequency, and n is an expo-
nential factor varying from -1 to 1. CPE can be determined
as a resistance, capacitance, inductance, or Warburg im-
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pedance in different conditions, with n often ranging from
zero to 1[5, 23, 24]. The attained data from EIS tests in the
Table 1 show that the corrosion performance of both sam-
ples was close to each other and showed the same order of
values, with R being about 14010 and 14250 Q cm?* for
wrought and SLM-fabricated 316L SS, respectively. The
CPE, value for these specimens was achieved about 550
and 530 puF cm™s", respectively. Therefore, one can con-
clude that the corrosion performance of both samples was
close to each other and showed the same order of values.
After 4 weeks of immersion, the corrosion behavior of
the specimens showed some variations. Nyquist plots re-
vealed a semi-circle followed by a tail, indicating the War-
burg diffusion process. The SLM fabricated 316L SS ex-
hibited higher charge transfer and Warburg resistance value
compared to its wrought counterpart. The lower corrosion
resistance of the wrought sample after 4 weeks of immer-
sion could be explained by the presence of detrimental
phases. R ; for wrought and SLM processed 316L SS was
obtained about 2684 and 3307 Q cm? respectively. Be-
sides, CPE  for these specimens estimated about 480 and
500 uF ecm?s”, respectively. The Warburg impedance could
be caused by the process of migration of metal vacancies
and oxygen vacancies within the passive film [23, 25, 26].
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Fig. 4. Nyquist plots of wrought and SLM processed 316L SS in the concrete pore solution for (a) 3 h and (b) 4
weeks of immersion.

Table 1. The obtained electrochemical parameters from ZView simulation regarding the corrosion of wrought and
SLM processed 316L SS in the concrete pore solution.

Specimen Time R, CPEq n Ra W-R, b
Qcm? pF cm?sn Qcm? Qcm?
Wrought 316L SS 3h 1.43 550 0.94 14010 - 0.001
SLM 316L SS 3h 1.49 530 0.93 14250 - 0.002
Wrought 316L SS 4w 0.98 480 0.89 2684 5823 0.001
SLM 316L SS 4w 0.81 500 0.9 3307 8500 0.004
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The potentiodynamic polarization measurements of
the wrought and SLMed alloys in concrete pore solu-
tion are shown in Fig. 5. The corrosion parameters of the
two specimens are provided in Table 2. It can be seen
that the corrosion current density of the wrought sam-
ple is approximately three times higher than that of the
SLM-fabricated sample, measuring at 9.6 pA cm™. Ad-
ditionally, the ipass value for the SLMed alloy is about
one-fifth of its counterpart, indicating a greater ability of

0.6

the SLM-fabricated alloy to exhibit passivation behavior.

The image in Fig. 6. shows the appearance of the
samples after being submerged in the concrete pore solu-
tion. When comparing the SLM sample surface (Fig.
6b.) to the wrought counterpart (Fig. 6a.), it can be ob-
served that the SLM sample has more areas that remain
intact. This suggests that the SLM sample experienced
less corrosion damage while being immersed in acidic
media [20, 27].
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Fig. 5. Potentiodynamic polarization tests regarding wrought and SLM-fabricated alloys in the concrete pore solution.

Table 2. Corrosion parameters obtained from dynamic polarization of wrought and SLM-fabricated 316L SS in the
concrete pore solution.

Sample Ecorr, icorr, Be, Bay  Epass, pass, Epit,
mV vs. HA cm? decade  decade mV vs. HAcm?  mV vs.
Ag/AgCl Ag/AgCl Ag/AgCl
wrought -273 9.6 0.21 0.24 2 467 495
SLMed -288 3.6 0.19 0.29 -4 100 473

Det: InBeam |

SEM MAG: 100 x LI
WD: 4.61 mm BI: 7.00 500 ym
View field: 2.08 mm |Date(m/dly): 12/01/20

SEM MAG: 100 x

Det: InBeam L |
WD: 5.09 mm BI: 7.00 500 ym

View field: 2.08 mm |Date(m/dly): 12/01/20

(b)

Fig. 6. Surface morphology after corrosion(a) wrought sample, and (b) SLM-fabricated sample.
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4. Conclusions

The present study aimed to investigate the electro-
chemical behavior of Selective Laser Melting (SLM)
processed 316L stainless steel (SS) in comparison to its
wrought counterpart when exposed to the concrete pore
solution. It was observed that the SLM process had the
ability to alter the microstructure and electrochemical
properties of the stainless steel. The SLM specimen ex-
hibited cellular/columnar grains with a sub-grain struc-
ture with sub-micron sizes. Electrochemical tests con-
ducted after a 4-week immersion period indicated that
the SLM-fabricated stainless steel displayed higher cor-
rosion resistance and lower current density compared to
the wrought counterpart. Furthermore, the rapid cooling
rate associated with the SLM process effectively pre-
vented the formation of detrimental phases, such as TiN,
which are known to negatively impact corrosion perfor-
mance and surface integrity.
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