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Abstract

Recently, laser powder bed fusion (LPBF) technology as an important additive manufacturing (AM) technique
has attracted the attention of researchers. It uses a laser source to melt metal powder in layers in order to build
parts. In this study, electrochemical and surface properties of 316L stainless steel manufactured by rolling and
laser powder bed fusion (LPBF) were investigated in 0.1 M H,SO, solution. In order to examine the corrosion
behavior of stainless steel in an acidic medium, electrochemical methods, including electrochemical imped-
ance spectroscopy (EIS), potentiodynamic polarization, and characterization methods such as field emission
scanning electron microscopy (FESEM), and x-ray photoelectron spectroscopy (XPS), were used. As a result
of the electrochemical tests, the charge transfer resistance of stainless steel fabricated by LPBF increased
about 8 times and Ecorr shifted about +40 mV compared to the rolled stainless steel. LPBF-produced samples
had higher corrosion resistance due to the fine cellular and spherical inclusion microstructure formed during
the fabrication process.
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1. Introduction LPBF has the advantage of building complex geometries
with high resolution and accuracy. Stainless steel alloys

In additive manufacturing (AM), laser powder bed have outstanding mechanical and corrosion properties,
fusion (LPBF) is an important technique. In this method, which makes AM methods a good choice for making
in order to build parts, metal powder is melted by a laser these alloys [3]. 316L stainless steel (SS) has numerous
source [1,2]. In comparison to other non-powder bed- excellent properties besides its excellent properties as a
based laser systems like engineered net shaping (LENS), stainless steel alloy, such as high resistance to cutting,

high ductility, high sensitivity to grain boundary
corrosion after welding, and low heat conductivity [4,5].
As a result of these properties, these alloys are ideal for
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full density and have comparable mechanical properties
with respect to conventional methods [9,10]. In contrast

Tran to conventional castings or wrought metals, the process
1. Assistant Professor provides a unique microstructure with a cooling rate of
2. Assistant Professor 10°-10% Ks™' [11]. At the macro-scale, the LPBF process
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like in the direction of the building. Moreover, LPBF-
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manufactured 316L stainless steel is characterized by
a cellular/columnar microstructure. These sub-grain
boundaries have a very fine microstructure [12,13].

A broad range of feedstock used in the LPBF method
is steel alloys. 316L stainless steel (316L SS) as a steel
alloy has been widely LPBF-produced due to its great
weldability [14,15]. By contrast, 316L stainless steel
manufactured by LPBF has a significantly different
microstructure from steel manufactured by conventional
methods. Microstructural characteristics of laser-melted
alloys include clearly visible melt pool boundaries
[16,17]. LPBF 316L SS usually has a hierarchical
microstructure of cellular/columnar grains with fine
inclusions, resulting in excellent mechanical properties,
ductility, or corrosion resistance [17,18]. 316L stainless
steel is suitable for nuclear systems, aerospace devices,
chemical reactors, marine vessels, pipes, and biomedical
devices such as implants, orthopedics, and dentistry,
due to its low cost, good mechanical performance, and
excellent corrosion resistance [14,19-21].

An increasing number of researchers have been
interested in studying the corrosion resistance of LPBF-
fabricated 316L stainless steel. According to some
researchers, additive manufactured 316L stainless steel
has more corrosion resistant than conventional stainless
steel [22,23]. They believed the higher corrosion behavior
of the AM 316L SS sample is related to the ultrafine grain
structure due to the rapid quenching of the laser-melted
alloy powders [24]. In addition, Stainless steel passive
film with fine cellular/columnar structure could be more
stable in corrosive media [25-27]. In some cases, it was
reported that LPBF-processed 316L stainless steel exhibits
lower corrosion resistance than the wrought counterpart
due to its complex microstructure or the possibility of
defects formation in the LPBF-produced pieces [28-30].
This is due to the segregation of some elements like Mo
at the boundaries, so that the microstructure becomes
inhomogeneous, and as a consequence, the corrosion
resistance of LPBF samples decreases compared to their
conventional counterparts [28]. Furthermore, the formed
porosity during the laser fabrication could behave as the
pitting initiation sites in the case of LPBF 316L stainless
steel [22]. Under different aggressiveness solutions,
Duan et al. [31] compared pitting behaviors between
wrought stainless steels and LPBF 316L stainless steels.
A significant difference was not observed in the shapes
of the cyclic polarization curves at different solutions
including alkaline pHs, indicating that the two alloys
showed comparable electrochemical behavior. The
corrosion behavior of LPBF 316L stainless steel alloy in
the concrete pore solutions was investigated by Karimi

et al. [2]. They found that both alloys showed a similar
electrochemical response in that alkaline media. LPBF-
processed alloy showed slightly better electrochemical
behavior, pointing to a more compact passive layer
and a lack of sharp edge phases such as TiN [2]. In this
study, the corrosion behavior of LPBF-produced 316L
SS was evaluated in the sulfuric acid solution using
potentiodynamic polarization (PDP), electrochemical
impedance spectroscopy (EIS), field emission scanning
electron microscopy (FESEM), and x-ray photoelectron
spectroscopy (XPS).

2. Materials and methods
2.1. Materials

A pure commercial 316L stainless steel gas atomized
powder with an average particle size of 26 pm was used
to fabricate the LPBF-manufactured specimen in this
work. A fiber laser with a power of 300-watt with a hatch
distance (distance between adjacent scan lines) of 100
pm was employed to melt stainless steel powders. The
thickness of each melted layer was set ~30 um. The
optimized parameters were recommended by the system
manufacturer (Noura Co. Iran). The LPBF procedure
was carried out in a chamber with a high-purity argon
gas atmosphere. The cubic samples were manufactured
with dimensions of 20 x 20 x 2 mm. Table 1 provides the
chemical composition (Quantometer model PMI Master
Smart) of rolled and LPBF-processed 316L SS by optical
emission quantometer instrument. The analytical grade
of H,SO, was obtained from Mojallali Co. Iran without
being purified.

2.2. Methods

Roll and LPBF samples were used as the working
electrode, a Pt wire as the counter, and a saturated
Ag/AgCl electrode as the reference electrode in all
electrochemical experiments. The electrochemical
analyses were performed by a Radstat 1 potentiostat.
For studying the electrochemical activity of specimens
in an acidic solution, electrochemical measurements
such as electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarization were performed.
After stabilizing open circuit potential (OCP), EIS
measurements were recorded in a frequency range of
10 kHz to 0.1 Hz with an amplitude of the 5 mV AC
signal. The corrosion parameters were calculated using
ZView software by fitting the experimental results with
electrochemical equivalent circuits. Potentiodynamic
polarization curves were provided by sweeping the

Table 1. Chemical composition of provided wrought and LPBF-processed 316L SS samples.

Sample C Cr Cu Al Si Mn Mo Ni S Fe
Roll 0.015 17 0.15 0.007 0.46 1.33 2.1 10.6 0.006 Bal.
LPBF <0.01 16.9 0.03 0.02 0.61 1.36 2.22 12.1 0.01 Bal.
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electrode potential from —0.2 V to +0.2 V vs. OCP at
a scan rate of 1 mV.s™'. To approximate polarization
parameters such as corrosion current density (i),
corrosion potential (E_ ), and cathodic and anodic
slopes (B, and ), the Tafel extrapolation approach
was used. To ensure data reproducibility and reliability,
electrochemical experiments were replicated at least
three times.

After immersion in 0.1 M H,SO, solution, the
chemical surface state of two types of stainless steel
was determined by X-ray photoelectron spectroscopy
(XPS) using an AIK anode at a 1486.6 eV energy. In the
chamber, a vacuum of 1x10-'° mBar was applied. Using
the calibrated C 1s line at 285.0 eV, binding energy
values were determined. SDP v4.0 software was used to
fit the peaks with the proper compositions.

3- Results and discussions

Fig. 1 a-d illustrates the FESEM micrographs of
the Roll (Fig. 1 a, ¢) and LPBF (Fig. 1 b, d) 316L SS,
respectively. Accordingly, the Rolled alloy displayed
typical sharp-edged morphology with equiaxed grain
boundaries and a grain size of about 20 microns. LPBF
alloy shows a heterogenecous microstructure, which
can be observed by other researchers [24]. As a result
of the movement of the heat source, the shape of these
melt pools is not completely circular. Their length is in
the range of 100-200 pum, and their width is between
50-100 pm [32]. Also, the observed cellular/columnar
morphology (Fig. 1d) of the alloy can be related to the
effect of the high cooling rate during the LPBF process.
This special morphology of LPBF alloy shows differences
from the traditional 316L stainless steel, which generally
has an equiaxed coarse grain structure as discussed in the
previous works [2,17,33, 34]. In the FESEM micrographs
of the LPBF specimen, ultrafine cellular and columnar
sub-grains are observed. This is consistent with grain
growth in the direction of heat flow [35]. It is worth
mentioning that the size of each cell is dominated by the
temperature gradient (G) and the cooling rate (R). In the
LPBF process with the high cooling rate, the low ratio of
1/GR provides ultrafine grains [36].

Fig. 1c and Fig. 1d display the presence of inclusions
in the Roll and LPBF alloys, respectively. In the Roll
sample, the main elements of sharp inclusion are Ti, N,
Fe, and Cr, while in the LPBF sample, the main elements
are O, Si, Mn, Cr, Fe, and a little Al. Pitting can be
initiated by the formation of local cathodes and anodes
in the vicinity of the TiN phase. TiN phase can trigger
the initiation of pitting due to the formation of local
anodes and cathodes [33,37]. The creation of a galvanic
couple between the TiN particle and the matrix leads to a
destructive effect on the pitting resistance, unlike the TiC
particle [37]. However, in the case of the LPBF sample,
the main compounds are probably combinations of SiO,,
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Cr,0,, Fe,0,, MnO,, and A1O, [2,16].

Fig. 2 shows the EDS results for the inclusions in the
Roll and LPBF stainless steel alloys. It depicts that the
reduction of Cr content from the matrix to the inclusion
in the Roll sample is higher than the LPBF sample.
Therefore, the local galvanic cell due to the Cr changes
between the matrix and inclusion is more favorite in the
Roll sample. The appearance of the galvanic cell can be
encouraged by the formation of inclusions (as the anodic
sites) with the lower Cr content. In other words, low Cr
content inclusions can initiate a galvanic cell between
themselves and the matrix, accelerating the corrosion
damage. Chromium-depleted regions can be considered
as the triggers for localized corrosion in stainless steel
alloys [26,38].

The variations of open circuit potential (OCP)
over time for rolled and LPBF processed 316L SS are
illustrated in Fig. 2a. The difference of about 100 mV
between the rolled and LPBF processed alloy indicates
the higher activity of the rolled sample in the acidic
solution compared to LPBF processed counterpart [39].
The variations of OCP towards more negative contents
can be evaluated as the depassivation of steel and, or the
initiation of localized corrosion [40]. The development
of TiN inclusions or o’ phase in the rolled alloy
could degrade the passive layer or pit
nucleation [2].

Nyquist plots of Roll and LPBF samples in 0.1 M
H,SO, are shown in Fig. 2b. Impedance plots present
depressed loops indicating the charge transfer resistance
of steel as a sign of corrosion performance [41,42].
However, LPBF alloys showed a larger diameter
compared to Roll one, indicating the improvement of
the corrosion resistance. Moreover, the experimental
data were fitted by ZView software to obtain corrosion
parameters. The chosen equivalent circuit (EEC model)
for data analysis is shown inside Fig. 2b. It is composed
of electrolyte resistance (R)), charge transfer resistance
(R,), film resistance associated with the passive or oxide
layer (R ), and their related constant phase element (CPE
and CPE). As a replacement component for capacitance,
CPE indicates the system non-homogeneities that
results in the depressed appearance of capacitive loops
as a result of such physical events as surface roughness
and the formation of porous layers [17,41,43]. Table 2
provides the obtained corrosion parameters from fitting
the experimental EIS spectra with the equivalent model
using ZView software. The charge transfer resistance
of the Roll and LPBF samples is 660 and 5150 Q.cm?,
respectively, indicating that the AM alloy has better
corrosion resistance in the sulfuric media. The CPE  and
CPE | show the values of the relaxed charge through the
double layer and the oxide or passive film, respectively
[43]. The general reduction of these parameters due to
the microstructure variation of LPBF alloy indicates
the influence of species adsorption on the steel surface,
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leading to the lower corrosion phenomenon [44]. Fig. 2¢ indicating better corrosion resistance of this sample in
shows the Bode-Phase plots of the Roll and LPBF 316L the acidic media. Additionally, the LPBF sample shows
stainless steel in the sulfuric acid. As can be observed, a higher phase angle from low to medium frequencies,
the impedance modulus of the LPBF alloy has a higher indicating better stability of the passive film formed on
value compared to the Roll sample in each frequency, steel [45,46].
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Fig. 1. Secondary electron FESEM micrograph of the (a) Roll and (b) LPBF 316L stainless steel. Back scattered electron
FESEM micrographs and EDS related to inclusion in the (c, ¢) Roll sample, and (d, f) LPBF- processed sample.
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Fig. 2. (a) OCP variations, (b) Nyquist plots, (c) bode plots, and (d) potentiodynamic polarization curves of Roll and
LPBF 316L stainless steel in 0.1 M H,SO,.

Table 2. The obtained electrochemical parameters obtained from EIS and PDP tests.

sample CPE(ct), nct Rcet, CPE(o) no Ro, icorr Ecorr ipass
pF cm2s" Q.cm? uF cm?s" Qe qd.em?)  (mVvs.  (ud.cm?)
Ag/AgCl)
Roll 200 0.9 660 500 0.95 8 19.6 -225 40.1
LPBF 55 0.92 5150 120 0.91 9.1 2.5 -185 6.5

Fig. 2d depicts potentiodynamic polarization plots of
the Roll and LPBF samples in the sulfuric acid media.
The corrosion parameters obtained from polarization
curves are shown in Table 2, including corrosion current
densities (i_ ), corrosion potential (E_ ), and passivation
current density (ipass). As can be observed, the corrosion
current density of the LPBF sample is 19.6 pA.cm, while
itis 2.5 pA.cm™ for the Roll counterpart. In addition, laser
manufacturing alters the polarization branches and shifts
the E__to a positive direction in comparison with the
Roll sample. This shift toward anodic potentials can be
related to the high entrapped energy in the laser-treated
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microstructure and its tendency to react with sulfuric acid
in the anodic potentials. Besides, the polarization curve of
LPBF 316L SS alloy does not show the classical passive
zones [47], more likely due to different microstructure
and elimination of classical grain boundaries which was
favored in the traditional alloys. However, a decrease in
anodic slope and an increase in cathodic one was observed,
which is in contradiction with the literature [44]. Besides,
the LPBF sample has lower i and ipass compared
to the Roll one, which is due to the better corrosion
resistance and higher stability of the passive layer.

Fig. 3a-b shows the microstructure of the corroded
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surface of the Roll and LPBF alloy after immersion in the
0.1 M H,SO, solution. As can be seen, the surface of Roll
alloy possesses a larger pit with an irregular shape. In the
Roll sample, the main elements of the corrosion product
(A) were 12.1 Fe, 1.5 Cr, 4 Ni, 4.5 Mo, 19 S, and 48 O in
wt. %. On the other hand, the major elements of corrosion
product (B) in the LPBF sample were 7.4 Fe, 2.7 Mo,
8.7 Cr, 1.9 Mn, 23 Al, and 41 O in wt. %. This indicates
the release of Mn and Si from the inclusion during the
immersion. It can be concluded that the inclusions in
the Roll and LPBF steels can initiate the formation of
pits. The formation of pits with a low coherence to the
matrix in the Roll sample can be observed. On the other
hand, the formed pit in the LPBF sample showed a higher
coherency with the matrix.

Fig. 4 shows the high-resolution XPS of Cr 2p, Fe
2p, and O 1s elements in the passive film formed in the
H,SO, solution for Roll and LBPF samples. It can be

observed that the Fe 2p peaks mainly consist of Fe, FeO,
and Fe,0, [17,48,49]. In the case of Cr 2p, Cr,0O, in the
LPBF alloy has a higher intensity compared to the Roll
sample, suggesting better corrosion performance of the
laser-manufactured alloy. The O 1s peak in Fig. 4 can be
divided into two main peaks, indicating that the oxide
film contains oxygen-containing species such as O*
oxide ions and chemisorbed OH- groups [50]. As can be
seen in the O 1s spectrum, the O*/OH™ intensity ratio in
the AM alloy increases sharply. This variation reveals the
enhanced hydroxylation of the formed oxide film on the
surface of the Roll sample [51]. On the other hand, it can
calculate the diameter of oxide thickness (d) according

to the literature [52]. d . and d after immersion in

LPBF Roll

the sulfuric acid media are calculated at 1.4 and 1.7 nm,
respectively. The formed passive film is a combination
of Cr and Fe oxy/hydroxide film on the surface of the
samples [48].

Fig. 3. FESEM micrographs (20 k magnifications) of the (a) Roll and (b) LPBF stainless steel after immersion in the 0.1
M H,SO, solution.
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Fig. 4. Spectra of Fe 2p, Cr 2p, and O 1s of passive film formed on the 316L stainless steel in the 0.1 M H,SO,.
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4- Conclusion

In this study, the corrosion resistance of a rolled and
laser powder bed fusion manufactured 316L stainless
steel alloy was investigated in the 0.1 M H,SO,.

It was found the laser-manufactured alloy showed
a lower corrosion current density and higher charge
transfer resistance.

The better corrosion resistance of LPBF alloy can be
related to the easier formation of the passive layer due to
the fine cellular microstructure.

Besides, it was observed that the corrosion pits can
initiate from the inclusion in the alloys.
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