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A B S T R A C T   

Improvement of corrosion resistance of austenitic 316L stainless steel via laser powder bed fusion (LPBF) is 
currently a prominent research topic; however, the effects of crystallographic texture and the related grain 
boundary density on the corrosion resistance of LPBF-fabricated parts have not been elucidated. For biomedical 
applications, crystallographic texture control from a single crystalline-like to randomly oriented polycrystalline 
microstructure is highly attractive for optimizing the mechanical properties (particularly the Young’s modulus) 
of implants. An investigation of the impacts of crystallographic planes and grain boundaries exposed to the 
biological environment on corrosion behavior is necessary. 316L stainless steels with different crystallographic 
textures and grain boundary densities were successfully fabricated via LPBF. The corrosion resistances of the 
LPBF-fabricated specimens were comprehensively assessed by anodic polarization, dissolution, and crevice 
corrosion repassivation tests. The LPBF-fabricated specimens showed extremely high pitting potentials in the 
physiological saline compared with the commercially available counterparts, and importantly, excellent pitting 
corrosion resistance was observed irrespective of the crystallographic planes and grain boundary density 
exposed. Moreover, the LPBF-fabricated specimens did not show metastable pitting corrosion even in an 
accelerated test using an acid solution. The repassivation behavior of the specimens was not affected by LPBF. 
Such a drastic improvement in the corrosion resistances of the LPBF-fabricated specimens might be attributed to 
suppression of inclusion coarsening owing to the rapid cooling rate during solidification in LPBF. By using LPBF, 
the desired crystallographic texture can be introduced based on the desired mechanical properties without 
concern for corrosiveness.   

1. Introduction 

Corrosion resistance is extremely important for metal components 
that are used abundantly in various industries such as chemical, petro
chemical, marine, and medical. The deterioration reaction of industrial 
materials sometimes causes serious problems. Hence, it should be 

controlled for the practical applications of these materials. In the case of 
metallic biomaterials used in implant devices, the corrosion reaction not 
only deteriorates the device itself but also adversely affects the living 
body. In particular, the release of metal ions from the corrosion reaction 
into a physiological environment is known to cause metal allergy [1–3]. 

Metallic biomaterials, other than some biodegradable ones, are 
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generally selected and/or designed on the bases of corrosion resistance 
in physiological environments. However, the corrosion of implant de
vices has not yet been fully controlled. With regard to stainless steel, for 
example, Tomizawa et al. reported localized corrosion of stainless-steel 
sternal wires after 22 and 30 years of implantation [4]. Akazawa et al. 
reported an apparent volume loss in posterior instrumentation rods 
made of 316L stainless steel [5]. Preventing the corrosion reaction of 
stainless steel inside a patient’s body is highly challenging. 

Recently, additive manufacturing (AM) has gained significant 
attention as an advanced processing technology for the fabrication of 
metallic products, particularly for applications in the biomedical field. 
Crystallographic texture control has evolved as a topic of interest in AM 
research [6–14]. The purpose of utilizing AM is no longer limited to 
shape control. Metallic materials with strong crystallographic texture 
exhibit anisotropy in mechanical properties such as the Young’s 
modulus [9,15], yield stress [6,8], and fatigue resistance [15]. To realize 
implant applications of metallic biomaterials, it is important to reduce 
their Young’s modulus in a specific crystallographic orientation by 
generating a single crystalline texture via AM fabrication. Furthermore, 
lowering the Young’s modulus of implant biomaterials is important for 
suppressing stress shielding to bones. 316L stainless steel exhibits the 
lowest Young’s modulus of approximately 94.1 GPa along the < 100 >
direction [16], which is lower than the Young’s modulus of the Ti-6Al-4 
V alloy (110 GPa) frequently used for orthopedic implants. Highly 
textured 316L with a low Young’s modulus would be beneficial for 
temporary implants [17] such as bone plates and is expected to exhibit a 
performance equivalent to or superior to that of the Ti-6Al-4 V alloy 
from the viewpoint of stress-shielding suppression. 

For highly textured materials, exposure of certain crystallographic 
planes to the environment is inevitable. The corrosion resistance of 
stainless steels prepared by conventional methods depends on their 
crystallographic planes and grain boundary characteristics [18–21]. The 
pitting corrosion resistance of austenitic stainless steels, for example, is 
the highest in the {1 1 1} and {1 0 0} planes with high atomic density, 
and the lowest in the {110} plane among the low indexed planes [18]. 
However, although the corrosion resistance of AM-processed 316L 
stainless steel has been actively researched in recent years [22–28], the 
crystallographic plane-dependent corrosion resistance of AM-processed 
stainless steels has not yet been fully revealed. Therefore, the relation
ship between the crystallographic structure and corrosion behavior of 
AM-processed materials remains unknown. Corrosion resistance is one 
of the most important factors that determines the durability, reliability, 
and safety of newly developed 3D-printed products. In our previous 
study, we achieved crystallographic texture control with almost no voids 
via laser powder bed fusion (LPBF), which is a powder bed fusion-type 
AM process in 316L stainless steel [29]. 

Therefore, in this study, we investigated the corrosion mechanism of 
LPBF-processed 316L stainless steel, focusing on its crystallographic 
planes and grain boundaries. We carried out electrochemical and non
electrochemical corrosion tests to evaluate the localized corrosion 
resistance and repassivation properties of 316L stainless steel and to 
determine the amount of metal ions released from it upon immersion in 
physiological saline. 

2. Materials and methods 

2.1. Specimen preparation 

Gas-atomized 316L stainless steel powder (EOS GmbH, Germany) 
was used as the primary material for specimen fabrication by LPBF in 
this study. The nominal composition of the powder was Fe-18Cr-14Ni- 
2.5Mo-0.03C, and the powder particle size was <53 µm. The LPBF 
process was performed in an argon atmosphere using a 3D printer 
(EOSM290, EOS GmbH, Germany). 

The crystallographic texture of LPBF-processed materials can be 
controlled by adjusting the scanning strategy and laser irradiation 

conditions [9,29]. To examine the evolved texture and planes of interest 
of the specimens, the z-axis was defined as the build direction, and the x- 
and y-axes were defined as the laser scanning directions. In this study, 
we fabricated cubic 316L specimens with dimensions of 11 mm × 11 
mm × 11 mm under different LPBF conditions (Table 1). Three types of 
specimens were fabricated: a specimen with a crystallographic lamellar 
texture, in which two kinds of grains with {1 1 0} and {1 0 0} orien
tations along the x-axis were alternately stacked (specimen A); a spec
imen with a single crystalline-like texture with a moderate {1 0 0} pole 
intensity in the x-, y-, and z-axes (specimen B); and a polycrystalline 
specimen with relatively random orientation (specimen C) (Fig. 1A and 
B). The process parameters used for the LPBF fabrication of each spec
imen are listed in Table 1. These parameters were determined by pre
liminary examinations in terms of porosity suppression and acquisition 
of characteristic textures. Crystallographic and grain boundary analyses 
of the specimens were conducted using an electron backscatter diffrac
tometer (NordlysMax3, Oxford Instruments, UK) mounted on a 
field-emission scanning electron microscope (JIB-4610 F, JEOL, Japan). 
The cross-sections of the specimens were mirror-polished prior to 
analysis. The crystallographic lamellar texture of specimen A was ach
ieved using the “X-scan strategy,” that is, the laser beam was scanned 
bidirectionally along the x-axis without rotation. The other two textures 
(specimens B and C) were achieved using the “XY-scan strategy,” in 
which the laser was scanned bidirectionally along the x- and y-axes 
alternately with respect to each stacking layer [9]. The formation of a 
crystallographic texture indicates the presence of grain boundaries in 
the material. As can be observed from Fig. 1C, specimen C showed the 
highest grain boundary density, followed by specimens B and A. Table 2 
summarizes the microstructural features of the specimens for each 
cross-section. The xz- and yz-planes in specimens B and C fabricated 
using the XY-scan strategy were considered equivalent; therefore, the 
corrosion tests for the xz-plane were omitted. The specimens were cut 
mechanically to expose their yz-, xz-, and xy-planes. No post-processing 
was performed on the LPBF specimens. 

Generally, stainless steels via common processing show anisotropy in 
corrosion resistance due to differences in exposed surface. For example, 
the end faces of stainless steel plates are susceptible to corrosion. This 
anisotropic corrosion behavior is also known as cut-edge corrosion. This 
phenomenon is attributed to the different shapes of the inclusions [30, 
31]. Therefore, two types of commercially available 316L testing cou
pons were also prepared as reference specimens: a disk-shaped specimen 
cut from a stainless-steel rod (Nisshin Kogyo, Japan) and a plate-shaped 
specimen cut from a stainless-steel sheet (Yakin Kawasaki, Japan). These 
specimens showed different orientations of the testing surface (for 
evaluating the corrosion resistance) in the cold-working direction. The 
disk-shaped specimen (8 mm in diameter) was prepared by cutting a 
stainless-steel rod followed by mechanical grinding along the cutting 
plane. Meanwhile, the plate-shaped specimen with dimensions of 
10 mm × 10 mm was prepared by cutting a large stainless-steel sheet 
followed by mechanical grinding along the rolling plane. Therefore, in 
the case of the disk-shaped reference specimen, the surface perpendic
ular to the cold working direction was exposed for the measurements. 
Whereas, in the case of the plate-shaped specimen, the surface hori
zontal to the cold-working direction was exposed. All the testing 

Table 1 
Parameters used for LPBF fabrication of the specimens.  

Specimen Scanning 
strategy 

Laser 
power /W 

Laser 
speed 
/mm/s 

Pitch 
/mm 

Layer 
thickness 
/mm 

Specimen 
A 

X  250  1000  0.08  0.04 

Specimen 
B 

XY  350  1100  0.08  0.04 

Specimen 
C 

XY  200  1000  0.1  0.04  
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surfaces of the specimens were mechanically ground using #150-, 
#320-, #600-, and #800-grid SiC abrasive papers for exposure to the 
fresh matrix plane followed by ultrasonication using acetone and iso
propanol. Prior to the corrosion tests, the specimens were immersed in 
ultrapure water for 24 h at room temperature to stabilize the passive 
layer. The specimens were then kept in an auto-dry desiccator until 
further use. 

2.2. Anodic polarization test 

Anodic polarization tests (linear sweep voltammetry) were per
formed using a potentiostat (HABF-501G, Hokuto Denko, Japan) 

connected to a function generator (HB-111, Hokuto Denko, Japan) with 
an analog cable. A saturated calomel electrode (SCE) and platinum 
electrode were used as the reference and counter electrodes, respec
tively. The specimens were fixed in a polytetrafluoroethylene holder 
with an O-ring. The exposed area contacting the electrolyte was 
0.35 cm2 (6.7 mm in diameter). The details of the working electrode are 
described in our previous study [32]. After immersing the specimens in a 
standard simulated body fluid (physiological saline: 0.9 mass% NaCl 
aqueous solution, aerated) at 37 ◦C, their open circuit potentials (OCPs) 
were recorded for 10 min. Then, a gradient anodic potential was applied 
at a constant sweep rate of 1 mVs− 1 from the initial potential of − 50 mV 
from the OCP. The measurement was stopped when the current density 

Fig. 1. Crystallographic texture and grain boundary distribution of the laser powder bed fusion (LPBF)-fabricated specimens. (A) {100} pole figures and (B) inverse 
pole figure maps for the yz-, xz-, and xy-planes, which were perpendicular to the x-, y-, and z-axes, respectively. (C) Maps for the grain boundaries with the 
misorientation angle of <15◦. MUD: multiples of uniform density. 

Table 2 
LPBF specimen conditions and exposed surface for measurements.  

Specimen Grain boundary density Specimen plane Crystal plane exposed preferentially Measurement 

Specimen A Low yz-plane Mainly {100} Performed 
xz-plane Mainly {110} Performed 
xy-plane Mainly {110} Performed 

Specimen B Middle yz-plane Moderately {100} Performed 
xz-plane Moderately {100} Not performed 
xy-plane Moderately {100} Performed 

Specimen C High yz-plane Random Performed 
xz-plane Random Not performed 
xy-plane Random Performed  
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limit of 1 mAcm− 2 was recorded. The tests for all five specimens were 
conducted under open-air conditions and the data are presented as mean 
± standard deviation. The difference in the pitting potential was 
analyzed using one-way analysis of variance followed by Games-Howell 
multiple comparison test. P < 0.05 was considered statistically signifi
cant. IBM SPSS Statistics Base 25 software for Windows (SPSS Japan, 
Japan) was used for the analysis. 

2.3. Dissolution test 

Dissolution tests were carried out to determine the average corrosion 
rate and amounts of each metal ion released during the immersion of the 
specimens in the rapid testing solution. The specimens were first 
embedded into a cold-mounting epoxy resin and then ground using a 
#800-grid SiC abrasive paper to expose the intended surface direction. 
Finally, the specimens were cleaned in ultrapure water using an ultra
sonication bath. 

The solution used for the dissolution tests comprised a mixture of 
5.85 gL− 1 NaCl and 10.0 gL− 1 lactic acid. The pH of the solution was 
2.30 ± 0.05. This solution was intended to be an accelerated body fluid 
for rapid testing of the corrosion measurements of dental metallic ma
terials prescribed by the international and Japanese standardization 
methods (ISO 10271:2011 and JIS T6002: 2014, respectively). 

The plastic bottles used as containers for the dissolution test were 
washed with a 5 vol% nitric acid solution and then rinsed well with 
ultrapure water. Then, 10 mL of the test solution was placed in a bottle, 
followed by the addition of the specimens. The bottle was then 
completely sealed and left at 37 ◦C for seven days. The metal ion con
centrations were measured using an inductively coupled plasma optical 
emission spectrometer (ICP-OES) (ICPS-7000 ver. 2, Shimadzu, Japan). 
The amount of ions released from the specimens was calculated by 
subtracting the values of the blank measurement (the tested solution 
without a specimen) from their values. The test was performed for three 
bottles under the same conditions (N = 3). 

2.4. Crevice corrosion repassivation test 

The repassivation behaviors of the specimens recovering from the 
crevice corrosion state were investigated according to the Japanese in
dustrial standard testing method (JIS G0592: 2002). In this experiment, 
no specially-designed testing cell was used to induce crevice corrosion, 
but the area of the crevice that was necessarily formed between the O- 
ring used and the specimen in the working electrode was utilized, ac
cording to Anderson-Wile et al. [33]. The experimental setup for the 
corrosion repassivation test was the same as that used for the anodic 
polarization test. After immersing the specimens into a diluted NaCl 
aqueous solution ([Cl-] = 500 ppm) at 50 ◦C, potentiodynamic and 
quasi-galvanostatic polarizations were conducted as follows: 

Step 1. Corrosion initiation: Anodic sweep at a constant rate of 
+30 mVmin− 1 from the OCP until the critical current of 200 µA. 

Step 2. Corrosion growth: Maintained at a constant current of 200 µA 
for 2 h. 

Step 3. Repassivation: Cathodic sweep at a constant rate of 
− 10 mVmin− 1 from the final potential of the previous step. 

The experiment was stopped when the current reached a value of 
approximately − 2 µA, assuring that the crevice corrosion was 
completely repassivated. The repassivation potential ER, crev of the 
specimens was determined from their potential at zero current. After 
crevice corrosion repassivation, the surfaces of the specimens were 
observed to identify the corrosion crevice in the gap area between the O- 
ring and the specimens. If a corrosion pit was observed on the free 
surface instead of a crevice, the experimental result was defined as the 
other parameter, ER, pit. The test was performed under open-air condi
tions for all five specimens. 

2.5. Analyses of microstructure and inclusion formation 

Specimen cross-sections were observed after mirror polishing via 
optical microscopy (LEXT OLS 4100, Olympus, Japan) and scanning 
electron microscopy (S-3400N, Hitachi High-Technologies, Japan). To 
investigate the formation of nanoscale inclusions as well as cellular 
microstructure in the LPBF-fabricated specimens, transmission electron 
microscopy (TEM; JEM-3010, JEOL, Japan) was performed. For the TEM 
observation, thin foils were prepared using a twin-jet electro polishing 
machine (Tenupol-3, Struers, Denmark) with a solution comprising 90% 
acetic acid and 10% perchloric acid. 

3. Results and discussion 

3.1. Anodic polarization test 

Fig. 2 shows the polarization curves of the commercially available 
reference specimens in physiological saline at 37 ◦C. The disk-shaped 
specimen exhibited metastable pitting/crevice corrosion under open- 
circuit conditions just after immersion into the solution. The current 
density increased with unstable oscillations around the corrosion po
tential. The breakdown of the passive film occurred at around 0.3 or 
0.4 V and the stable pitting corrosion propagated at potentials higher 
than 0.4 V. 

In the case of the plate-shaped specimen, a typical passive material 
polarization curve was obtained. A passive region was observed until the 
applied potential reached 0.4 V. The test was repeated five times under 
the same conditions. Table 3 summarizes the mean and standard devi
ation of the pitting potentials for the disk- and plate-shaped specimens. 

The pitting potential of the plate-shaped specimen was 0.47–0.58 V. 
The reference specimens exhibited different corrosion behaviors. The 
disk-shaped specimen was more susceptible to localized corrosion in 
physiological saline than the plate-shaped one. This can be attributed to 
the difference in the shapes of the inclusions, which acted as the 
corrosion initiation sites of these specimens. Generally, the inclusions 
deform together with the steel matrix during cold working process such 
as rolling and swaging. In the case of the disk-shaped reference spec
imen, the exposed surface was perpendicular to the longitudinal (roll
ing) direction. Thus, the exposed inclusions were deeper and narrower 
than those of the plate-type specimen. Metastable localized corrosion 
occurring with deeper inclusions was more resistant to neutralization by 
convection than that occurring with shallower inclusions. As a result, 
the localized corrosion in the metastable stage easily propagated to the 
stable growth stage, which finally caused the lower pitting corrosion 
potential. Chiba et al. [30,31] reported that the MnS inclusions plays a 
critical role in the propagation stage of pitting corrosion on stainless 

Fig. 2. Polarization curves of disk- and plate-shaped reference specimens pre
pared from commercially available 316L stainless steel in physiological saline. 
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steel. 
Fig. 3 shows the polarization curves of LPBF specimens A, B, and C 

along different exposure planes. As the formation of pores, which are 
preferential pitting sites [34], was almost completely suppressed in the 
LPBF specimens, their intrinsic resistivity for pitting corrosion could be 
analyzed. The polarization curves for the LPBF specimens were different 
from those of the commercially available reference specimens, as shown 
in Fig. 2 and Table 3. In the case of the LPBF specimens, the potential 
range for the passive region expanded without any spikes with an 

increase in the transient current. Meanwhile, the crystallographic ori
entations and exposure plane conditions did not affect the polarization 
curves of the specimens. The pitting potentials of all the LPBF specimens 
exceeded 1 V, and there was no significant difference in the statistical 
analysis. The gradual increase in current from 1 V onwards can be 
attributed to the transpassivation; the complex of iron and chromium 
oxyhydroxides, a component of the passive film, was electrochemically 
dissolved under high applied voltage. The anodic current derived from 
the oxygen evolution reaction may have also overlapped the curve. More 
specifically, the LPBF specimens did not exhibit pitting corrosion unless 
their passive films started dissolving under electrochemically acceler
ated conditions, irrespective of the exposed crystallographic plane and 
grain boundary density. Moreover, the smooth lines (without any cur
rent spike) in the polarization curves of the specimens indicate that there 
were almost no incubation sites for the initiation of stable/metastable 
pitting corrosion. 

Thus, the corrosion resistance of the specimens was isotropic and 
independent of the exposed crystallographic plane and grain boundary 
density, which is beneficial for bone implant applications because any 
crystallographic orientation can be selected in such cases without the 
concern of pitting. 

3.2. Dissolution test 

Fig. 4A shows the dissolution test results of the specimens immersed 
in an accelerated body fluid for seven days. Among all the specimens, the 
disk-shaped specimen showed the largest amount of released ions. As 
shown in Fig. 2, the disk-shaped specimen exhibited temporal pitting 
and/or crevice corrosion during the initial stage of immersion in a 
physiological saline solution containing chloride ions. The large number 
of metal ions detected during the ICP-OES measurement can be attrib
uted to the occurrence of a certain level of the corrosion reaction in the 
accelerated body fluid with low pH during rapid testing. Fe ions repre
sent a major proportion of the released cations. The Fe, Cr, Ni, and Mo 
cation fractions (mass%) of the disk-shaped specimen were 67.0%, 
20.2%, 11.4%, and 1.4%, respectively. These values are similar to the 
alloy composition of 316L stainless steel. Therefore, the anode site 
where the corrosion reaction occurred could be considered as the active 
dissolution site without the passive film. Fig. 4B shows a magnification 
of the graph in Fig. 4A. The amounts of the released metal ions were 
negligibly small and were almost equal to or lower than the detection 
limit around 0.02 gm− 2 of the ICP-OES measurement condition in this 
study. The average amount of Fe released per unit surface area from the 
specimens except the disk-shaped specimen during the seven-day im
mersion was 0.0254 ± 0.005 gm− 2, which corresponds to a corrosion 
wastage of 0.170 mm per year. Hence, it can be stated that these spec
imens maintained their passive state even in the acceleration test envi
ronment. The exceptional corrosion resistance of the stainless steel 

Table 3 
Summary of the experimental results of anodic polarization tests in physiolog
ical saline.  

Specimen type Code Pitting potential, Epit V vs. SCE 

Average Standard deviation 

Commercial Rod Disk- shaped  0.257a  0.097 
Commercial Sheet Plate-shaped  0.522b  0.039 
LPBF-processed Specimen A yz-plane  1.171  0.046 

xz-plane  1.148  0.068 
xy-plane  1.142  0.065 

LPBF-processed Specimen B yz-plane  1.067  0.146 
xy-plane  1.156  0.043 

LPBF-processed Specimen C yz-plane  1.109  0.047 
xy-plane  1.085  0.039  

a P < 0.05 vs sheet-shaped and all of the LPBF specimens.  

b P < 0.05 vs rod-shaped and all of the LPBF specimens.  

Fig. 3. Polarization curves of the LPBF-fabricated specimens along different 
exposure planes in physiological saline. 

Fig. 4. (A) Result of the dissolution test of immersing the specimens in the accelerated body fluid for rapid testing of corrosion measurements. (B) Magnified graph 
around the detection level of 0.02 gm− 2 in this study. 
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fabricated in this study by LPBF is also bolstered by its isotropic nature 
(independent of the exposed crystallographic plane and grain boundary 
density) and the absence of cut-edge corrosion. 

3.3. Crevice corrosion repassivation test 

Fig. 5 shows the typical results of the crevice corrosion repassivation 
tests of the specimens in an aqueous solution containing 500-ppm 
chloride at 50 ◦C. In the first step for the induction of localized corro
sion, the current and potential behaviors of the specimens were similar 
to those observed in the anodic polarization test. A sharp increase was 
observed in the current at the critical applied potential because of the 
breakdown of the passive film. Meanwhile, in the second step for the 
growth of the localized corrosion, the specimens maintained a current of 
approximately 200 μA with quasi-galvanostatic control. During the 
reverse potential scan in the third step, the current decreased and finally 
became almost zero, indicating complete suppression of the corrosion 
reaction. The experimental results could be categorized into two groups: 
lower applied potential in steps 1 and 2, and a gradual current decrease 
in step 3 (Group I, shown as solid lines in Fig. 5); and higher applied 
potential in steps 1 and 2 and a rapid current decrease in step 3 (Group 
II, shown by the broken line in Fig. 5). 

Surface observations of the specimens via optical/laser microscopy 
(LEXT OLS 4100, Olympus, Japan) revealed that the difference in their 
corrosion behaviors was due to the difference in their localized corro
sion types. Fig. 6 shows the optical micrographs and laser micrographic 
3D depth profile images of the corrosion sites of the Group I and II 
specimens, respectively. As can be observed from Fig. 6A, the corroded 
area exhibited an arc shape with a curvature corresponding to that of the 
O-ring inserted between the specimen and the electrode holder. There
fore, the corrosion occurring in Group I specimens was confirmed to be 
crevice corrosion, which propagated along the area beneath the O-ring. 
Meanwhile, in the case of Group II specimens, corrosion pits were 
observed at the free surface exposed to the test solution (Fig. 6B). The 

corrosion pits observed in these specimens were concentric hemispher
ical. Thus, the corrosion occurring in Group II specimens was found to be 
pitting corrosion. There was no sign of crevice corrosion in Group II 
specimens. These results indicate that crevice corrosion occurred on the 
Group I specimen easily and could be maintained at low applied po
tentials during the first and second steps of the test; however, they were 
relatively difficult to repassivate during the third step (Fig. 5). This is 
because in a crevice environment, the diffusion of matters is limited and 
neutralization by convection of the solution is difficult to occur. The 
crevice corrosion repassivation test performed in this study can be used 
for the diagnosis of corrosion risk in stainless steels. The experimental 
results of the crevice corrosion-type specimens are more useful as these 
specimens showed severe corrosion compared with the pitting 
corrosion-type specimens. The experimental results of the crevice and 
pitting corrosion repassivation potentials ER,crev and ER,pit, respectively, 
are summarized in Table 4. Each specimen was subjected to five sets of 
experiments. The experimental results for corrosion pit depths of less 
than 40 µm were discarded, and the experiment was performed again 
according to the stipulations of the standard testing method. The 
average and standard deviation of the ER values of Group I (crevice 
corrosion-type, ER,crev) and II (pitting corrosion-type, ER,pit) specimens 
were 139.1 ± 33.1 and 309.6 ± 23.7 mV, respectively. The statistical 
analysis results (Student’s t-test, P < 10− 12) showed that crevice corro
sion was hard to repassivate compared with pitting corrosion. The 
specimens showed similar ER,crev values. Moreover, the statistical anal
ysis results of all tested specimen couples were comparable. Thus, the 
unique metallic structure with strong preferential crystallographic 
orientation of the LPBF specimens was confirmed to be independent of 
the repassivation behavior of 316L stainless steel in chloride-containing 
solutions. More specifically, the crystallographic structure formed by the 
LPBF process was not the dominant factor for determining the corrosion- 
free potential range of the specimens. 

3.4. Relationship between microstructure and corrosion behavior 

The anodic polarization test results (Figs. 2 and 3) reveal that the 
occurrence of localized corrosion was inhibited in the case of the LPBF 
specimens. As mentioned earlier, the presence of sulfide-containing in
clusions (e.g., MnS and oxides) is partially responsible for the occurrence 
of localized corrosion on stainless steel. Therefore, in this study, the 
mirror-finished surfaces of both the commercially available and LPBF- 
processed specimens (plate-shaped and process condition A, respec
tively) were observed. The optical and secondary electron micrographs 
of each specimen are shown in Fig. 7. The commercially available 
specimens showed a large number of small particles, indicating the 
presence of exposed inclusions of various sizes. Meanwhile, in the case 
of the LPBF-processed specimens, the exposed planes (yz, xy, and xz) 
hardly showed the presence of inclusions. Thus, the precipitation of 
metal inclusions, which led to localized corrosion, could be effectively 
inhibited by the LPBF process. 

Under the TEM observation, the LPBF-fabricated specimens dis
played a cellular microstructure, which is typically observed for LPBF- 
fabricated metallic products [34], along with nanoscale inclusions 
(diameter ranging up to 100 nm) distributed extensively, as shown in 
the bright-field images (Fig. 8). These small inclusions did not deterio
rate the localized corrosion resistance of the specimens. The inclusions 
could not grow because of the extremely high cooling rate during the 
LPBF process. For austenitic stainless steels, the cooling rate (Ṫ) can be 
successfully determined from the primary cellular spacing (λ1) as fol
lows [35,36]: 

λ1 = 80Ṫ − 0.33 

As can be observed from Fig. 8, the primary cellular spacing of the 
specimens was 350–450 nm, resulting in a cooling rate of 
6.6 × 106–1.4 × 107 K/s, which is consistent with the values reported 

Fig. 5. Changes in potential and current during crevice corrosion repassiva
tion test. 

Y. Tsutsumi et al.                                                                                                                                                                                                                               



Additive Manufacturing 45 (2021) 102066

7

previously [35,37]. 
Recently, Chao et al. [38] reported that the pitting potential (Epit) of 

LPBF-processed 316L stainless steel is 0.74 ± 0.02 VSCE, while that of 
wrought 316L stainless steel is 0.23 ± 0.03 VSCE in 0.6 M NaCl. Sander 
et al. [39] reported that 3D-printed 316L stainless steel processed by 
LPBF showed a nobler Epit value (approximately 300 mV) compared 
with wrought 316L stainless steel in 0.1 M NaCl. It was hypothesized 
that LPBF may affect the surface concentration and size distribution of 
inclusions such that the inclusions are either annihilated or become too 
miniscule to trigger the formation of pits. The results obtained in this 
study are consistent with this hypothesis. The Epit values of the LPBF 
specimens prepared in this study were significantly higher than those 
reported previously, even under different solution conditions (0.9 mass 
% nearly equal to 0.15 M NaCl, 37 ◦C). Considering the fact that the 
occurrence of metastable pitting was almost entirely eliminated during 

the anodic scan in the polarization test, the pitting corrosion resistance 
of the specimens prepared in this study was superior to those of the 316L 
stainless steel samples reported previously. Sander et al. [39] also re
ported that LPBF-processed 316L stainless steel with high porosity 
shows a higher metastable pit frequency and lower repassivation po
tential than wrought 316L stainless steel. As the LPBF-processed 316L 
steel fabricated in this study showed almost no metastable pitting 
corrosion (Fig. 3) and comparable repassivation potential (Table 4) in
dependent of the processing conditions, the fabrication conditions used 
in this study can be considered as the optimum conditions for the 
fabrication of LPBF-processed 316L steel with no pores (Fig. 7). 

Thus, LPBF can be considered as an innovative and efficient tech
nique for fabricating corrosion-resistant stainless steel. Furthermore, 
LPBF-processed stainless steel exhibits isotropic corrosion behavior in 
simulated biological environments despite the formation of a highly 

Fig. 6. Typical example of optical micrographs (right) and laser microscopic 3D profiles (left) of (A) crevice corrosion on the Group I specimen and (B) pitting 
corrosion on the Group II specimen. 

Table 4 
Summary of the repassivation potential measurements for the reference and LPBF specimens.  

Trial Commercial specimen LPBF-processed (Specimen A) 

Disk-shaped Plate-shaped yz-plane xz-plane xy-plane 

Groupa Potential /mVSCE Groupa Potential /mVSCE Groupa Potential /mVSCE Groupa Potential /mVSCE Groupa Potential /mVSCE 

1 I  128.1 II  301.9 I  80.5 II  252.8 I  191.7 
2 I  128.3 I  152.1 I  122.4 II  315.7 I  104.3 
3 II  323.3 II  334.1 I  147.0 I  110.9 II  332.8 
4 I  148.6 II  324.0 II  314.4 I  184.5 II  283.5 
5 I  127.4 II  305.5 I  193.0 I  128.8 II  318.6  

a Group I: Crevice corrosion, Group II: Pitting corrosion.  
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textured metallic structure by preferential crystallographic orientation. 
Importantly, specimens with customized texture can be prepared to 
achieve the desired mechanical properties without the concern for 
corrosiveness as long as LPBF is used in manufacturing. LPBF is a 
promising technique to improve the corrosion resistance of stainless 
steels by eliminating fatal inclusions, which leads to pitting. 

4. Conclusions 

In this study, the corrosion resistance of 316L stainless steel fabri
cated via the LPBF process was investigated. The following conclusions 
were obtained: 

(1) The LPBF fabrication process dramatically improved the local
ized corrosion resistance of 316L stainless steel under physio
logical conditions.  

(2) The excellent localized corrosion resistance of the LPBF- 
fabricated specimens was found to be independent of the 
exposed crystallographic planes and grain boundary densities.  

(3) The LPBF process also inhibited the metastable pitting corrosion 
of the specimens; thus, preventing the deterioration of their 
repassivation properties.  

(4) The excellent corrosion resistance of LPBF-fabricated specimens 
might be due to the suppression of inclusion growth, which is 
achieved by a rapid cooling rate estimated as ~107 K/s. Only 
inclusions limited in size to approximately 100 nm or less were 
present in the LPBF-fabricated specimens. 
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Fig. 7. Surfaces of the mirror-polished 316L stainless steels prepared from commercially available sheet (plate-shaped specimen) and LPBF process (specimen A) 
observed via laser microscopy (upper) and scanning electron microscopy (lower). 

Fig. 8. Transmission electron microscopy images of specimen A: (A) Lateral cross-section and (B) vertical cross-section for the primary cells observed in the yz- and 
xy-planes, respectively. (A′) Magnified image of an inclusion from the highlighted part in (A). The arrowheads indicate the nanosized inclusions. 
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