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Abstract

Laser powder bed fusion (LPBF) was performed on feedstock-modified 316L stainless steel
powder with 1 and 2 vol% carbon nanotubes (CNT). The corrosion resistance was evaluated
following cyclic potentiodynamic polarization tests conducted in 0.6 M NaCl at room temperature,
35 and 50 °C, and immersion tests in 6 % FeCls. The CNT addition has increased the pitting
potential and decreased number of pits formed during immersion in FeCls solution, which could
be attributed to Mn-Si-O nano inclusions refinement and segregation of chromium around the
inclusions. The observed corrosion behavior was correlated with the altered microstructure due to
CNT addition.
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1 Introduction

Additive manufacturing (AM) is an advanced manufacturing technique that can replace
conventional manufacturing techniques like casting, forging, welding, and rolling [1-5]. Additive
manufacturing technologies have several advantages, like fabricating complex structures, printing
complicated compositions, design freedom, and producing macro to micro size components in a
single step following a layer-by-layer process. Laser powder bed fusion (LPBF) is a trending metal
additive manufacturing (AM) technique that was often used to print austenitic stainless steel, such
as 316L [3,4,6]. Austenitic 316L stainless steel has several applications ranging from kitchenware
to aerospace, medical and nuclear industries [3,7-10]. Implementing AM techniques to produce
metallic components can revolutionize the manufacturing sector and the application of materials.
The three-dimensional metal parts produced by LPBF are fabricated by spreading a thin layer of
metal powder on a build platform called powder bed and, later, using a high-power laser to
selectively melt and fuse the powder particles in a layer-by-layer process. As each layer solidifies,
the build platform is lowered, and the process is repeated until the entire component is built. The
feedstock powders on the powder bed experience extreme temperatures (~2000-3727 °C) and rapid
solidification rates (~10*-108 K/s) during the LPBF process [11-13]. The major disadvantage of
LPBF printed 316L stainless steel is inconsistency in properties like corrosion resistance which is
attributed to the manufacturing defects such as porosity, cracks, residual stress, and surface
roughness [14-21] and atypical microstructure such as melt pools and melt pool boundaries,
cellular and sub-cellular structures, solute segregation along the cellular boundaries, dislocations,
and oxide nano inclusions [17,22—28]. Several researchers have adopted an emerging feedstock
modification strategy that could overcome the limitations and improve corrosion resistance of iron,
aluminum and magnesium alloys [29-38]. Incorporating a suitable additive like W [39], Ag [40],
and Carbon nanotubes (CNT) [41-43], La(NO3)3.6H20 [44], CrN [27], TiB2 [30], CeO> [44,45],
and Y203 [46] to the 316L primary feedstock has been reported in the literature. Many researchers
focus on enhancing the mechanical properties, and only a few researchers aim to improve the
corrosion resistance of laser powder bed fusion printed 316L stainless steel (LPBF-316L) [27,39].
There are several methods (1) the straightforward blending of additive and primary alloy powders
[47], (2) depositing the additive onto the surface of the primary alloy powders through a coating
process [48], (3) utilizing mechanical alloying techniques such as ball milling is employed to

achieve a homogenous mixture of additive and primary alloy powders [27], and (4) the process of



gas atomization where the primary alloy powders along with the additive are directly produced
during atomization [49], to perform the feedstock modification. Many researchers opted for
feedstock modification performed via mechanical alloying like ball milling of primary feedstock
powder and additive [21,27,30,42,45,50-54]. The external additive added alters the microstructure
resulting in altering the alloy properties.
The corrosion performance of 316L stainless steel (SS) has been hugely dependent on the
microstructure acquired by the manufacturing processes. Generally, the 316L SS manufactured
using conventional manufacturing techniques has y-austenitic phase with manganese sulphide
(MnS) inclusions in the microstructure [55]. These deleterious MnS inclusions of size above 0.7
pm act as cathodic particle and initiate corrosion in the anodic y-austenitic steel matrix [56,57]. A
thorough literature review shows no evidence of MnS inclusions in LPBF-316L but the presence
of oxide inclusions that ranged from several tens of nanometers to several hundred of nanometers
[3,28,58]. Here are few examples where researchers reported different size of oxide nano
inclusions i.e., 30-50 [27], 40-80 nm [59], 50 nm [55], 100 nm [60], 30-140 nm [61], and 2-5um
[62]. Researchers had reported different composition of oxide nano inclusions like Mn-Si-O
[17,25], Mn-Si-S-0O [27], Mn-Al-Si-N-O [55], Si-Cr-Ni-Fe-O [24], Si-Mn-Al-O [63] , Cr-Si-O
[64], Fe-Cr-Ni-Mn-Mo-Si-O [28] and Cr-Ni-Mn-Si-O [25] but their influence on corrosion
performance has not been extensively studied. The density, chemical composition and size of these
nano inclusions is dependent on several factors like feedstock modification methods, feedstock
type, quality, size, shape and distribution and LPBF printing parameters [27,49].

Several researchers have studied the pitting corrosion resistance of LPBF-316L [15,27,65—
67], but only a few investigated the pitting corrosion resistance of LPBF-316L with additives like
CrN [27], Ag [40], CNT [42], W [39], SiC [68], CeO2 [44], La(NOz).6H.0 [44] and soda-lime-
silica [69]. Often deteriorated pitting corrosion resistance was reported with additive addition
[40,44,68,69]. For example, incorporating additives like Ag, CeO,, SiC, and La(NO3).6H-0 did
not distribute well into the 316L matrix resulting in secondary phases [40,44,68]. The galvanic
interaction between the formed secondary phases and the 316L matrix caused the early breakdown
and poor corrosion resistance of LPBF-316L with additives. Moreover, adding soda-lime-silica
has reduced the Cr in the matrix by forming a high density of Cr-Si oxide particles. This ultimately

resulted in poor passivation and a faster corrosion rate, eventually declining corrosion resistance.



However, a few researchers observed enhanced pitting corrosion resistance with CrN [27] and W
[39] additives.

Researchers have focused on carbon-based nanostructured materials like carbon nanotubes
(CNT), nanodiamonds (ND), and graphene nanoplatelets (GNP) for decades. Researchers [41-43]
reported significantly enhanced mechanical properties like tensile properties, wear resistance, and
hardness of LPBF-316L with carbon-based nanostructured material addition. The improved
mechanical properties were attributed to the redistribution of carbon-based nanostructured
materials inside the melt pool, causing significant grain refinement in the alloy [41]. Such
microstructural alterations can also help improve corrosion resistance [3,70]. Nieto et al. [42]
reported retained pitting corrosion performance of LPBF-316L with CNT tested at room
temperature in 0.6 M NaCl. The authors could not comment on the influence of CNT on improved
or deteriorating corrosion resistance when corrosion was tested at room temperature following the
polarization tests. Therefore, a detailed investigation to determine the influence of CNT on the
corrosion resistance of LPBF-316L is still pending. Yin et al. [41] showed dendritic structure
formation in the LPBF-316L microstructure with 1 and 5 wt.% CNT addition. This indicates an
increase in the dislocation density compared to the cellular structures observed in LPBF-316L
without CNT. Further, the authors have observed 100 nm long CNT in the LPBF-316L matrix.
Nevertheless, the influence of these microstructural alterations on corrosion is not studied.
Moreover, the presence of oxide nano inclusions and solute segregations alterations caused by
CNT addition are reported in the literature. However, the influence of size and chemical
composition of oxide inclusions and solute segregations on corrosion has not been investigated in
the literature. Therefore, a detailed altered microstructural investigation and its influence on
corrosion resistance in CNT-modified 316L is still pending. This research expands the
understanding of the influence of CNTs on microstructure and their impact on retaining/improving
the corrosion resistance of LPBF-316L.

In the current study, the modified feedstock was produced by ball-milling commercial
316L stainless steel powder with 1 VVol% and 2 Vol% of carbon nanotubes (CNT). The pitting
corrosion resistance of LPBF-316L with 1 Vol% and 2 Vol% CNT (LPBF-316L/CNT-1 and
LPBF-316L/CNT-2) is investigated in 0.6 M NaCl at room temperature, 35 °C, and 50 °C. This
research contributes to understanding new additives and their impact on microstructure and

exploring new additives to improve the corrosion resistance of LPBF-316L.



2 Experimental

2.1 Feedstock preparation and Laser powder bed fusion

The conventionally hot rolled 316L stainless steel was purchased from McMaster Carr and termed
Wrought-316L. The commercial 316L stainless steel feedstock powders were procured from the
EOS company. The feedstock modification was carried out by ball milling 316L feedstock
powders with 1 vol% CNT and 2 vol% CNT. The laser powder bed fusion (LPBF) process was
performed using an EOS M100 metal 3D printer that utilizes a 200 W ytterbium fiber laser in an
argon environment. The ball milling and LPBF parameters are given in Supplementary Table 1,
and Supplementary Table 2, and a detailed explanation was provided in previous literature [42].
The LPBF specimen printed using commercial feedstock is termed LPBF-316L, and composite
feedstock with 1 vol% CNT and 2 vol% CNT are termed LPBF-316L/CNT-1 and LPBF-
316L/CNT-2, respectively.

2.2 Characterization

The density of the LPBF specimens was calculated following Archimedes' method using Sartorius
Quintix65-1S with the YDKO03 density kit attached, having an accuracy of +0.001 g/cm3. The samples
surface was prepared to 1200 grit grinding and sonicated with ethanol for 5 min. Later, an average of five
readings were taken for each sample. The chemical composition of LPBF specimens was determined
using an Agilent inductively coupled plasma optical emission spectrometer (ICP-OES), LECO
carbon/sulfur analyzer, and LECO ONH836 oxygen/nitrogen/hydrogen analyzer following the
AL0025 and ASTM E1019 standard procedures [71]. X-ray diffraction (XRD) of LPBF specimens
using Rigaku smartlab X-ray diffractometer with graphite monochromatized Cu-Ka radiation (A=
0.154056 nm). Scanning electron microscopy (SEM) using FEI Verios 460L field emission
electron microscope was executed for microstructural characterization. The LPBF specimens were
ground to 1200-grid SiC sandpaper and later fine polished to 0.05 pum. After polishing, the etched
microstructures were revealed, followed by electro-etching with 10% oxalic acid at 15 V for 60 s
(as per the ASTM A262 practice- A) [72].

Scanning/transmission electron microscopy (S/TEM) was performed using Talos F200X G2
scanning transmission electron microscope operating at 200 kV. The STEM High-angle annular
dark-field (HAADF), bright-field (BF), DF 2, and DF 4 imaging of LPBF-316L and LPBF-
316L/CNT-2 TEM lamellae were conducted along with SuperX energy-dispersive x-ray



spectroscopy (Super-X EDS) recorded. The Focused lon Beam (FIB) Lift Out technique was used
for SITEM sample preparation. The electropolished samples were loaded into the Quanta 3D FEG
Focused lon Beam microscope to prepare site-specific TEM lamellae LPBF specimens. The
Quanta FIB is a dual-beam instrument combining electron and ion beams for simultaneous imaging
and milling. The specimens were aligned according to the interesting feature; a ~2 um platinum
cap was later deposited on the surface to protect it from ion beam damage during high-current ion
beam milling. After the cross-sections were ~ 2 pm thick, they were cut and placed on TEM grids
using the Omniprobe micromanipulator, enabling in-situ TEM sample preparation. The cross-
section thinning and polishing were completed using low current and voltage to avoid sample
amorphization and damage, and then electron transparent TEM specimens were taken for TEM

characterization.
2.3  Electrochemical testing

Cyclic potentiodynamic polarization (CPP) of the LPBF-316L, LPBF-316L/CNT-1, and LPBF-
316L/CNT-2 were conducted in 0.6 M or 3.5 wt.% NaCl electrolyte at room temperature, 35 °C
and 50 °C on the specimens metallographically prepared to 1200-grit SiC grinding. A three-
electrode flat cell with a saturated calomel reference electrode (SCE) and a platinum mesh counter
electrode (CE) was used for corrosion testing. The CPP tests were initiated at 0.20 Vsce below
open circuit potential (OCP), and a scan rate of 1mV/s was used. The forward scan was terminated,
and a reverse scan was initiated when either 1.5 Vsce potential or 100 pA/cm? current density was
reached. Before polarization, open circuit potentials were recorded while the specimens were
stabilized in the test electrolyte for 1 hour. The breakdown potential (Ep) and repassivation
potential (Erep) were determined from the CPP curves, which were determined to compare the

corrosion performance of the tested specimens.

Potentiodynamic polarization (PDP) was conducted on LPBF-316L, LPBF-316L/CNT-1,
and LPBF-316L/CNT-2 specimens, and later the post-corrosion investigation was performed on
the tested specimens using FEI Verios 460L field emission scanning electron microscope. The
PDP test was conducted similarly to the CPP test, except the forward scan ceased when the
potential reached 1.5 Vsce or a current density reached 1000 pA/cm?, and no reverse scan was

initiated.



The ferric chloride (FeCls) corrosion test was conducted following the syringe droplet test,
as presented in Supplementary Figure 1. Wrought-316L and LPBF specimens were 1200-ground
before exposing them to 20 ml of 6 % FeCls solution for 2 hours using the syringe. Later optical
microscopy and surface profilometry were performed using Keyence VKx1100 confocal laser

scanning microscope on the FeCls corrosion-tested specimens.

Table 1 Chemical composition of unsensitized wrought and LPBF specimen in wt.%

Specimen @) Cr Ni Mo Mn Si Cu P S C N Fe
EOS 316L powder 18.00 1357 2.66 154 0.26 0.01 0.012 <0.005 0.005 0.07 Bal
LPBF-316L 0.069 17.24 1358 2.79 1.38 0.280 0.007 0.019 0.010 0.012 0.068 Bal
LPBF-316L/CNT-1 0.039 17.62 13.81 2.80 1.39 0.268 0.007 0.013 0.010 0.25 0.067 Bal
LPBF-316L/CNT-2 0.027 17.12 1351 277 136 0.269 0.005 0.017 0.011 0.48 0.067 Bal

3 Results

3.1 Density, chemical composition, and phase identification of LPBF specimen

The theoretical density of conventionally manufactured Wrought-316L is 7.93 g/cm®. The
densities (in g/cm®) of LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2 calculated
following Archimedes’ principle are 7.88, 7.81, and 7.86, respectively. The relative densities % of
LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2 are 99.3, 98.4 and 99.1 which is very
close to the Wrought-316L. This shows that the densities of LPBF specimen are in an acceptable
range. Table 1 presents the chemical composition (wt.%) of EOS 316L feedstock powder, LPBF-
316L, LPBF-316L/CNT-1 and LPBF-316L/CNT-2. During the LPBF process, the powder bed
experiences ~2000-3727 °C temperature, and the solidification rates are ~10%-108 K/s [11-13]. The
LPBF specimen exhibited a small reduction in chromium percentage which could be caused by
evaporation of chromium during melting at extreme temperatures. The LPBF specimen with CNT
addition has shown increased carbon percentage, as presented in Table 1.

The X-ray diffraction profiles of As-printed and 1200 ground LPBF-316L, LPBF-
316L/CNT-1, and LPBF-316L/CNT-2 specimens are presented in Figure 1, respectively. The



LPBF-316L specimen with and without CNT exhibited a single y-austenitic phase in both the As-
printed and ground conditions.
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Figure 1. X-ray diffraction profiles of LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2
(a) As-printed and (b) Ground

Porosity -

Figure 2. Backscattered electron images of (a) LPBF-316L, (b) LPBF-316L/CNT-1, and (c) LPBF-
316L/CNT-2. The white and black arrows indicate manufacturing defects like porosity and micro-
cracks.

3.2 Microstructure of LPBF specimens

Low magnification backscattered electron images of LPBF-316L, LPBF-316L/CNT-1, and LPBF-
316L/CNT-2 specimens are presented in Figure 2(a-c), respectively. A few manufacturing defects,
like porosity, were observed in all the LPBF-316L specimens. The increase in the CNT% has

increased the number of pores. The addition of CNT might have significantly increased the residual



stresses due to the complex thermal history of melting and cooling cycles [42]. This resulted in
higher brittleness, and several cracks have been observed in LPBF specimens with CNT [42].

Figure 3. Backscattered electron images of etched microstructure of (a) LPBF-316L, (b) LPBF-
316L/CNT-1, and (c) LPBF-316L/CNT-2. The black dotted lines indicate the melt pool
boundaries, whereas the yellow lines indicate the grain boundaries. The blue dotted lines highlight
the cell boundaries.

The etched micrographs of LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2 are
presented in Figure 3(a-c), respectively. Overlapped melt pools and melt pool boundaries have
been observed in all the specimens indicating that sufficient melting has occurred and dense
component is printed. The CNT addition did not influence the melt pool dimensions. The melt
pool boundaries did not impact grain growth phenomena, particularly at the center of the melt pool,
where grains hold the geometric and crystallographic orientation, as evidenced by the epitaxial
grain growth [60,73]. This epitaxial growth occurs when a new grain growing direction aligns with
the seed crystal in the underlying layer, nearest to the melt pool's thermal gradient [73]. Such
epitaxial growth has been observed in all the LPBF specimens, Figure 3. The melt pool boundaries,

particularly the interface boundaries between two pools, had a comparatively high corrosion rate
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in the CNT-added LPBF specimen, as shown in Figure 3(b and c), respectively. The commonly
known cellular structures, which can be viewed as equiaxed and columnar cellular structures, are
observed in all the LPBF specimens [27,28,74]. The addition of CNT has increased the
solidification rates, resulting in the formation of short secondary dendritic arms on the side of the
columnar cellular structure, as seen in Figure 3(c), which was also observed by Yin et al. [41] in
LPBF-316L specimen with 1 wt.% CNT. Inside each cell of either equiaxed or columnar cellular
structure, fine cells were observed at the lower accelerating voltage and termed sub-cells [3,27,44],
as depicted in Figure 3a. The CNT specimens showed aggressive corrosion when subjected to
electro-etching and hence challenging to see sub-cells using scanning electron microscopy in
CNT-added specimens. However, the transmission electron microscopy revealed the presence of

sub-cells in 1 and 2 vol% CNT specimens (Figure 4).

500 nm i 500 nm

Oxide nano inclusion

Figure 4. SITEM micrographs depicting the cellular structure,sub-cellular structure, and
nano oxide inclusions of LPBF-316L. The red arrows point out the respective structural features
mentioned in the image. The yellow square is a high-magnification image of part of the oxide nano

inclusion shown in (d).
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Figure 5. STEM-EDS micrographs of LPBF-316L revealing the solute segregation along the

cellular boundaries and the presence of Mn-Si-O oxide nano inclusions.

The S/ITEM micrographs of LPBF-316L are presented in Figure 4. The cellular and sub-
cellular structures were revealed using DF2 and DF4 micrographs, as shown in Figure 4(a and c),
respectively. A dense entangled dislocation network was observed along the cellular boundaries,
and a thin entangled dislocation network was observed along sub-cellular boundaries, as depicted
in the DF4 micrograph of Figure 4c. The dark circles in HAADF micrograph are the oxide nano
inclusions in LPBF-316L (Figure 4b). These oxide nano inclusions were observed majorly along
the cellular boundaries and a few inside the cell. The oxide nano inclusions are partially amorphous
and crystalline, as revealed by Figure 4d, unlike few studies [22,26] where only amorphous nature
was reported. The diameter of oxide nano inclusions in LPBF-316L is 44 + 12 nm. The STEM-
EDS elemental maps of cellular structure revealing the composition of oxide nano inclusions and
solute segregation are presented in Figure 5. The oxide nano inclusions comprised Mn, Si, and O.
Along the cellular boundaries, solute segregation of Cr, Mo, and S and depletion of Fe and Ni were

observed (Figure 5).
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Figure 6. SITEM micrographs showing the cellular structure,sub-cellular structure, and nano oxide
inclusions of LPBF-316L/CNT-2. The red arrows point out the respective structural features
mentioned in the image. The yellow square is a high-magnification image of the cellular structure

shown in (a).

The S/TEM micrographs of LPBF-316L/CNT-2 are depicted in Figure 6. The cellular and
sub-cellular structures with cells, cell boundaries, sub-cells, and sub-cell boundaries are revealed
using HAADF and DF2 micrographs, as presented in Figure 6(a-b). The cellular and sub-cellular
boundaries have dense and thin entangled dislocation networks in LPBF-316L/CNT-2, similar to
LPBF-316L. A high density of oxide nano inclusions with a 15 £ 7 nm diameter was observed
along the cellular boundaries and within the cells in LPBF-316L/CNT-2, as shown in Figure 6a.
Low and high magnification S/ITEM-EDS elements maps across the cellular structure of LPBF-
316L/CNT-2 are presented in Figure 7. The cellular boundaries in LPBF-316L/CNT-2 were seen
to have solute segregation of Cr, Mo, S, P, O, and C, and particularly at the triple point junctions
of cellular boundaries, enriched solute segregation of the same elements was observed. Along with
the solute segregation, the cellular boundaries have a depletion of Fe and Ni in LPBF-316L/CNT-
2, similar to LPBF-316L. Moreover, the carbon from CNT or 316L feedstock was observed
segregating near very few regions of cellular boundaries and cells, as pointed out in Figure 7(a-b),
respectively, using the red arrow. The oxide nano inclusions consisted of Mn, Si, and O in LPBF-
316L/CNT-2, similar to LPBF-316L, as shown in Figure 7a. This indicates that CNT addition did
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not influence the composition of the oxide nano inclusions. The majority of the oxide nano
inclusions were detected at the triple point junctions of the cellular boundaries where enriched
solute segregation was seen. Also, a few nano inclusions were observed along the cellular
boundaries and inside the cells, as shown in Figure 7b. It is worth noting that the CNT addition
has caused significant refinement in the oxide nano inclusion size and altered the elemental solute

segregation across the cellular boundaries.
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Mn-Si-0
nano inclusions

| 100nm

Figure 7. Low and high magnification STEM-EDS micrographs of LPBF-316L/CNT-2 in (a) low
and (b) high magnifications. The black circles represent the Mn-Si-O nano inclusions, and the
bring white region represents the solute segregation along the cellular boundaries in the

schematics. The red arrows point out the respective structural features in the schematic.
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Figure 8. Cyclic potentiodynamic polarization (CPP) of (a) LPBF-316L, (b) LPBF-316L/CNT-1,
and (c) LPBF-316L/CNT-2 tested in 0.6 M NaCl at room temperature (RT), 35 °C and 50 °C

temperature. The black arrows represent the scan direction of CPP curves. The red, blue, and

yellow arrows represent the breakdown, repassivation potentials, and Metastable pitting regions,

respectively.
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3.3 Corrosion performance of LPBF specimens

The pitting corrosion resistance evaluated by the cyclic potentiodynamic polarization (CPP) curves
of LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2 specimens tested in 0.6 M NaCl at
room temperature (RT), 35 °C and 50 °C temperatures are presented in Figure 8. The breakdown
potential (Ep) and repassivation potential (Erep) determined from the CPP graphs are presented in
Figure 9. The corrosion performance of LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-
2 tested at RT and in 0.6 M NaCl was observed to be similar as evidence by similar Ep and Erep,
Figure 8(a-c) and Figure 9. The LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2
exhibited Ep of 987 + 31 mVscg, 934 + 21 mVsce, and 912 + 17 mVsce, respectively, and Erep of
1041 + 68 mVscg, 970 £ 3 mVscg, and 974 + 3 mVsc, respectively. The CPP tests conducted at
RT were insufficient to judge the corrosion resistance of LPBF specimens with and without CNT
addition due to similar breakdown and repassivation potentials [42], Figure 9. Hence, the CPP
testing temperature was increased to 35 °C and 50 °C to evaluate the same.

The CPP tests of LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2 conducted at 35
°C are presented in Figure 8(d-f), respectively. During the forward scan, the LPBF-316L specimen
exhibited metastable pitting, followed by a passive film breakdown, as shown in Figure 8d. The
LPBF-316L specimen exhibited E, of 630 + 61 mVsce during the forward scan. The reverse scan
was commenced after reaching 100 pA/cm? and Erep of 47 + 98 mVsce Was observed. The LPBF-
316L/CNT-1 and LPBF-316L/CNT-2 specimen exhibited no or minor metastable pitting
compared to the LPBF-316L specimen, and Ep of 913 + 77 mVsce and 924 + 60 mVsce was
observed during the forward scan (Figure 8(e-f) and Figure 9). During the reverse scan, Erep Of -
65 + 48 mVsce and -132 £ 18 mVsce was seen in LPBF-316L/CNT-1 and LPBF-316L/CNT-2
specimens, respectively (Figure 8(e-f) and Figure 9).

The CPP tests of LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2 conducted at
50°C are presented in Figure 8(g-i), respectively. The LPBF-316L, LPBF-316L/CNT-1, and
LPBF-316L/CNT-2 exhibited Ep of 552 + 164 mVscg, 892 + 98 mVscg, and 554 + 117 mVsck,
respectively (Figure 8(g-i) and Figure 9). The Erp of LPBF-316L was -46 + 58 mVscg, whereas
LPBF-316L/CNT-1 and LPBF-316L/CNT-2 did not repassivate (Figure 8(h-i) and Figure 9). The
slightly reduced corrosion resistance of LPBF-316L/CNT-2 compared to LPBF-316L/CNT-1

could be due to the high number of manufacturing defects like pores and cracks.
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Overall, the LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2 specimens showed
decreasing breakdown potentials and repassivation potentials with the increase in the CPP testing
temperature (Figure 9), and such phenomenon was also observed for 316L stainless in literature
[75,76]. The breakdown potential of LPBF-316L with CNT addition was enhanced, as evidenced
by CPP at 35 °C and 50 °C CPP testing temperatures. The LPBF-316L/CNT-1 and LPBF-
316L/CNT-2 did not exhibit repassivation potentials at 50°C CPP testing, which could be due to
high crevice corrosion or intense corrosion across the manufacturing defects like porosity and
crack. To investigate that, post-corrosion characterization was performed after potentiodynamic
polarization (PDP) tests conducted at RT, 35 °C, and 50 °C temperatures.
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Figure 9. Corrosion performance comparison between LPBF-316L, LPBF-316L/CNT-1, and
LPBF-316L/CNT-2 tested in 0.6 M NaCl at room temperature (RT), 35 °C, and 50 °C temperature.
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Figure 10. Post-corrosion characterization after potentiodynamic polarization of (a) LPBF-316L,
(c) LPBF-316L/CNT-1 and (c) LPBF-316L/CNT-2 conducted at room temperature

3.4 Post-corrosion characterization
3.4.1 After pitting corrosion of LPBF specimens

The post-corrosion characteristics of LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2
after performing potentiodynamic polarization (PDP) tests conducted at room temperature were
presented in Figure 10. The LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2 specimens
PDP tested at RT did not exhibit pit yet, and only minor crevice corrosion was observed at the
periphery of the exposed area to the electrolyte, as shown in Figure 10(a-c). This minor crevice
corrosion has exhibited corroded cellular boundaries and intact cells like intercellular corrosion
[27]. The LPBF-316L/CNT-1 and LPBF-316L/CNT-2 showed aggressive corrosion at the
manufacturing defects like porosity and cracks, as exhibited in Figure 10(b and c), respectively.
Figure 10c exposes the short secondary dendritic arms along the sides of the columnar cellular
structure revealed by the crevice corrosion.
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Figure 11. Surface profilometry images of (a-b) Wrought-316L, (c-e¢) LPBF-316L, (f-h) LPBF-
316L/CNT-1 and (i-j) LPBF-316L/CNT-2 after 2 hours of 6% FeCls syringe droplet test

3.4.2 After 2 hours of immersion of LPBF specimens in 6 % FeClz

Surface profilometry images of Wrought-316L, LPBF-316L, LPBF-316L/CNT-1, and LPBF-
316L/CNT-2 after 2 hours of 6% FeCls syringe droplet test are presented in Figure 11. Wrought-
316L, LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2 specimens showed crevice
corrosion after 2 hours of exposure to 6% FeCls. The wrought-316L specimen exhibited step-by-
step deterioration of grains in crevice corrosion, as shown in Figure 11(a). The LPBF-316L and
LPBF-316L specimens with CNT exhibited aggressively corroded melt pool boundaries, as
presented in Figure 11(c and f), respectively. The manufacturing defects like lack-of-fusion pores
and microcracks in LPBF-316L, LPBF-316L/CNT-1, and LPBF-316L/CNT-2, were highly

corroded after 2 hours of exposure to 6% FeCls, as depicted in Figure 11(d,g, and i), respectively.
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Wrought-316L and LPBF-316L specimens showed a high density of pits indicating pitting
corrosion, Figure 11(b and e), respectively, whereas LPBF-316L/CNT-1 and LPBF-316L/CNT-2
did not reveal any visible pits, as presented in Figure 11(h and j), respectively, after 2 hours of
exposure to 6% FeCls. Overall, the pitting corrosion resistance of LPBF-316L improved due to
CNT addition.

4 Discussion

Often the corrosion resistance of conventionally 316L stainless steel is determined by (1)
secondary phase particles or inclusions composition, (2) size of the inclusions, and (3) chromium
deletion around the inclusions. The corrosion performance of LPBF-316L has been extensively
correlated with the inclusion present in the microstructure [3,44,55,65]. Researchers [56,57,77]
have reported that three types of inclusions can initiate corrosion in austenitic stainless steel: 1.
Manganese sulphide (MnS) 2. Multielement oxides of Al, Mn, Cr, Ti, V, etc. 3. Mixtures of oxide
and sulphide inclusions. In conventionally manufactured 316L, the MnS inclusions act as potential
cathodic particles and cause corrosion initiation in an anodic y-austenitic steel matrix [55]. The
chromium absence in the MnS inclusion causes a local disturbance in the passive film formation,
and this defective passive region is highly susceptible to initiating corrosion. The oxidated MnS
inclusion results in sulphur-containing species formation, including sulphur, sulphides,
hydrosulphides, and thiosulphates [55]. Consequently, a sulphur crust is formed, again preventing
the passive film growth resulting in further metal dissolution and stable pit growth. In LPBF-316L,
MnS inclusions were not observed, which is also often reported in the literature [55,63,65,67].
Researchers [62,78,79] have shown the formation of Si-containing inclusions in 316L and the
possibility of corrosion initiation around them. In current research, Mn-Si-O inclusions were
observed in the microstructure of LPBF-316L. From this, it can be anticipated that Mn-Si-O is
causing the corrosion initiation in LPBF-316L; however, the LPBF-316L/CNT-2 also showed Mn-
Si-O inclusions only (Figure 5 and Figure 7). The CNT addition did not alter the elemental
composition of nano inclusions, and therefore, there is no influence of inclusion composition on
corrosion enhancement.

The next possible criterion for the enhanced corrosion resistance of LPBF-316L with CNT
can be the size of the inclusions [56,57]. The nano inclusions of LPBF-316L and LPBF-
316L/CNT-2 are 44 = 12 nm and 15 £ 7 nm, respectively (Figure 4 and Figure 6). The MnS
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inclusions of ~ 0.7 um or above were reported to act as cathodic particles in conventionally
manufactured 316L stainless steel [56,57]. To the best of the authors' knowledge, the effect of fine
oxide inclusions in the nanometer range on the corrosion of stainless steel has not been reported,
possibly due to their rarity in conventional stainless steels. However, the role of fine intermetallics
or precipitates has been extensively studied in aluminum alloys. For example, Gupta et al. [80,81]
and Ralston et al. [82,83] investigated the influence of precipitate size corrosion and concluded
existence of critical precipitate size below which pitting corrosion does not initiate. Similarly,
there may exist a critical size of the oxide inclusions below which the pitting corrosion may not
initiate. For the LPBF 316L, the critical size may lie between ~15 and 44 nanometers. The refined
nano inclusions in LPBF-316L/CNT-2 might have been below critical size and therefore incapable
of causing corrosion initiation, and hence enhanced corrosion resistance is observed.
Understanding the role of such find oxide inclusions on corrosion of stainless steels becomes
relevant in additively manufactured stainless steel and further research would be needed to
investigate the existence of critical size and corrosion mechanisms.

Moreover, the corrosion initiation in conventionally manufactured 316L stainless steel is
due to the depletion of 200 — 500 nm chromium surrounding the MnS inclusions [55]. In LPBF-
316L/CNT-2, even if the refined nano inclusions caused corrosion initiation, the enriched solute
segregation of Cr and O surrounding the nano inclusions might aid in controlling it and promotes
the passivation kinetics by forming chromium oxide (Figure 7) and hence, the corrosion resistance
might have been improved. Nonetheless, this research shows that controlling the size of nano
inclusions could be a strategy to improve corrosion resistance.

Furthermore, the introduction of CNTs has induced modifications in solute segregation
along cellular boundaries. Specifically, in LPBF-316L/CNT-2, there was observed elemental
segregation of Cr, Mo, S, P, C, and O, whereas LPBF-316L exhibited elemental segregation of
only Cr, Mo, and S. Researchers [84,85] highlighted the distinction in potential between (5-10
mV) cellular boundaries and the interior of LPBF-316L cells, attributing it to the onset of corrosion
facilitated by micro-galvanic coupling. It is plausible that the altered elemental segregation in
LPBF-316L/CNT-2 might have diminished the potential difference between cells and their
boundaries, potentially contributing to enhanced corrosion resistance. Nonetheless, it's important
to note that while the experimental data gathered in this study falls short of substantiating this

assertion, it is still of significance.
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Feedstock modification is a practical method for refining the size of inclusions and controlling
microstructure. There could be several other additives like CNT, yet to be explored, that can aid
in altering the composition and size of the oxide nano inclusions and can enhance the desired

properties.

5 Conclusion

The influence of 1 and 2 vol% carbon nanotubes (CNT) on microstructure and corrosion
performance of laser powder bed fusion (LPBF) printed 316L was investigated. The CNT addition
caused microstructural changes like oxide nano inclusions refinement and altered solute
segregation of Cr, Mo, S, P, C, and O along the cellular boundaries. The LPBF-316L with CNT
has enhanced the breakdown potential when tested in 0.6 M NaCl at room temperature (RT), 35
°C, and 50 °C. Immersion in 6 wt.% % FeClz and subsequent surface analyses revealed higher
pitting corrosion resistance in samples produced using CNT modified feedstock. Electrochemical
and immersion tests indicated that pitting corrosion resistance of 316L stainless steel could be
enhanced by the modification of feedstock by the CNT. The enhanced corrosion resistance due to
the CNT could be attributed to the refined oxide nano inclusions and segregation of chromium

around the oxide nano inclusions.
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