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A B S T R A C T   

This study addresses the demand for on-demand repair and surface modification of conventional materials using 
advanced technology like laser powder bed fusion (L-PBF). The swift repair and enhancement of 316 L stainless 
steel surfaces are essential for various applications, especially in corrosive environments where component 
reliability and longevity are critical. This work aims to explore the improved corrosion properties of conventional 
316 L using L-PBF by depositing a limited number of layers. It has been found that with a single- and double-layer 
deposition the corrosion resistance is improved significantly compared to that of the conventional 316 L. The 
pitting resistance of the 6-layer L-PBF deposit is comparable to the bulk counterpart.   

1. Introduction 

The austenistic 316 L stainless steel (SS) has been widely used in 
marine, nuclear and biomedical applications due to its relatively supe
rior ductility and excellent corrosion resistant property over other ma
terials. In addition, 316 L has desirable printability using laser-powder 
bed fusion (L-PBF) [1–8], due to its single-phase austenitic microstruc
tures. It is well known that the L-PBF produces distinct microstructural 
features and defects from that of the conventional processes, which have 
been reported to contribute to the enhanced corrosion resistance of 316 
L especially in sodium chloride solution [3,9–11]. The current work is 
motivated by the need of on-demand repair and surface modification of 
conventional 316 L via L-PBF. Thus, the conventional 316 L substrate is 
deposited with a limited number of printing layers: (a) single layer, (b) 
2-layer with bidirectional scan of 0◦, 90◦, 67◦ rotation between subse
quent layers, and (c) 6-layer with 67◦ rotation between subsequent 
layers, with the aim to understand the modified corrosion properties in 
comparison with their bulk conventional and L-PBF counterpart. The 
as-deposit features and corrosion characteristics are examined by 
advanced materials characterization and electrochemical analysis. 

2. Materials and methods 

AISI 316 L stainless steel powder (Fe-17Cr-12Ni-3Mo composition) 
from PRAXAIR was used to print the layers on an EOS M290 3D printer. 

The printer has a fixed laser diameter of 100 µm, and the Z-axis was 
designated as the build direction while the XY-plane served as the hor
izontal plane. Each layer had a uniform thickness of 20 µm, and a 
bidirectional scanning strategy was employed with rotations of 0◦, 67◦, 
and 90◦ between subsequent layers. 

To prepare working electrodes for electrochemical tests, specimens 
were sealed with epoxy resin to expose a 0.32 cm2 area and polished to a 
0.05 µm colloidal silica surface. A three-electrode cell was used with a 
graphite counter electrode and an aqueous Ag/AgCl reference electrode. 
All potentials were referenced to the Ag/AgCl electrode. The solution 
employed was 3.5 wt% (0.61 M) NaCl at pH ≈ 5.8. Experiments were 
conducted at room temperature under natural aeration. Cyclic polari
zation curves followed the forward sweep rate of 0.1667 mV/s scan rate 
and reversed when reaching a current density of 0.5 mA/cm2 at a 
reverse scan rate of 1.667 mV/s. Data was averaged from at least two 
measurements. 

The microstructures of samples pre- and post-polarization were 
analyzed using scanning electron microscopy (SEM) and electron 
backscatter diffraction (EBSD). SEM/EBSD samples were electro
polished with a 12.5 vol% sulfuric acid and 87.5 vol% methanol solution 
at 50 V and room temperature. Subsequently, the SEM sample was 
electrolytically etched in a 10 vol% saturated oxalic acid solution at 12 V 
for 90 s. To analyze the microstructure near the fusion boundaries, 
specimen across the fusion boundary was lifted out using the focused ion 
beam (FIB, FEI Helios 5). TEM observation was realized through JEOL 
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JEM 2100 at 200 kV. 

3. Results and discussions 

The SEM image profile of the L-PBF deposit on the conventional 316 
L SS substrate is depicted in Fig. 1. It reveals the presence of melt pool 
boundaries and cellular/columnar subgrains. It can be observed that the 
single-layer deposition layer has columnar subgrain growth of different 
orientations near the melt pool boundary (Fig. 1-a1 and a2). A mixture 
of cellular and columnar structure with different orientations are 
observed on this vertical plane in all conditions (Fig. 1a-e). The single- 
layer deposit measures approximately 80–100 µm in thickness. The 
two-layer, 0◦ rotation deposit experiences only a slight increase in layer 
thickness, whereas the 67◦ and 90◦ rotation deposits reach 120–130 µm. 
The six-layer deposit is estimated to be 150 µm, and it’s evident that the 
earlier deposit layers underwent multiple remelting cycles due to deeper 
laser penetration than the individual layer thickness. Regardless of the 
number of deposit layers and rotation strategies, the deposits exhibit a 
consistent, very dense microstructure with a low level of porosity 
(<0.05). 

A TEM sample was lifted out on the XY-plane identified in the 6-layer 
67◦ rotation deposition sample, where the fusion boundary locates in the 
middle of the sample. The area scan across the boundary in Fig. 1-f2 
indicates no segregation across the fusion boundary. Fig. 1-f3 shows the 
bright field image of the FIB specimen in the area indicated by the red 
box in Fig. 1-f1, where a grain boundary and high density of dislocation 
networks are identified. The fusion boundary location is not promi
nently featured in the bright field image. No inclusions or precipitates 
are identified around the fusion boundary. 

The cyclic polarization curves conducted on the XY plane of the 
samples, along with the extracted corrosion properties such as pitting, 
repassivation, and corrosion potentials, are shown in Fig. 2. All L-PBF 
deposited surfaces demonstrate significantly improved pitting resis
tance, as evidenced by increased pitting potential. The degree of 
improvement depends on the number of deposit layers. For the con
ventional sample, the pitting potential measures approximately 310 mV. 
In contrast, the pitting potential for all samples with L-PBF deposit 
ranges from about 540 mV to 700 mV. Notably, the six-layer deposit at a 
67◦ rotation exhibits the highest pitting potential. 

When examining the repassivation and corrosion potentials, it be
comes evident that there is no significant distinction between the po
tentials of the conventional sample and the L-PBF deposit sample 
(Fig. 2c). However, it is worth mentioning that the two-layer deposit at 
90◦ and 0◦ rotations show lower values compared to all other samples. 
The repassivation potential for these two samples measures below 
200 mV, while for all other samples, the repassivation potential is above 
250 mV (Fig. 2c). Metastable pitting is most frequent with single-layer 
deposit but greatly reduced at the intermediate polarization potential 
at 2-layer deposit and minimal at the 6-layer deposit. This is in contrast 
to the repassivation and corrosion potential which do not exhibit clear 
dependency on the L-PBF condition. 

The results of impedance measurements in 3.5% NaCl for L-PBF thin- 
layer deposits along with the conventional sample are depicted in Fig. 3. 
As shown in the bode plot (Fig. 3a), the impedance as a dependence of 
frequency exhibit similar trends for the different samples. The EIS result 
of the 6-layer 67◦ sample at Ecorr, Ecorr+ 100 mV, Ecorr+ 200 mV, and 
Ecorr+ 300 mV of anodic overpotential, shown in Fig. 3b, reveals that the 
capacitive loop increases in size when anodic polarization is applied 
(Nyquist plot). In general, in the Nyquist plot, a large semicircle implies 
difficulties in electron transfer between the substrate and solution, and 
the high capacitance of this loop implies a connection between two 
processes, the formation of the passive oxide layer and the charging of 
the electric double layer. This phenomenon resulted in a considerable 
rise in impedance at 0.001 frequency so that the sequence of impedance 
values is: Ecorr < Ecorr + 100 mv < Ecorr + 200 mv < Ecorr + 300 mv. The 
illustrated equivalent circuit (Fig. 3c) was used to model the 

electrochemical behavior. In this circuit, Rs represents the solution 
resistance, CPE is the double-layer capacitance and Rct is the charge 
transfer resistance. Another aspect to consider is that at low frequencies 
of the Nyquist diagram, the mass transfer impedance appears as a line 
(Warburg impedance), which can contribute significantly to the overall 
internal resistance. Besides the 6-layer deposit, other L-PBF thin-layer 
deposit also showed the same pattern. As can be seen in Fig. 3d, with 
increasing potential over Ecorr, the charge transfer resistance increased 
in all samples, indicating that the kinetics of the electrochemical process 
was slowed down (Fig. 3b and d). This increase is more significant for L- 
PBF thin-layer deposits, especially the sample with 67◦ rotation scan 
compared to the conventional sample. The value of Rct at Ecorr of all 
samples is almost the same (1–2 MΩ.cm2). When the potential is 100, 
200, and 300 mV above the Ecorr, Rct increases approximately by 2.5, 3, 
and 4.5 times, respectively, for L-PBF thin-layer deposit. 

It is important to mention that the corrosion behavior of the L-PBF 
deposited samples all demonstrate that the formed passive layer is more 
resistant at 300 mV above the Ecorr, indicating even greater resistance to 
anodic overpotential. This behavior could be attributed to the higher 
growth rate of passive film or higher passive layer thickness on the 
aforementioned samples. The single-layer deposit exhibits the highest 
Rct at Ecorr + 200 mV and Ecorr + 300 mV. In contrast, the conventional 
sample contains merely passive film with the same resistance at best. 

The surfaces exhibiting pitting, following polarization tests where 
backward scanning was halted at 0.5 mA/cm2, were subjected to SEM 
and EBSD analysis, as shown in Fig. 4. A single major pit was found in all 
conditions. To enhance visibility, the fusion boundaries proximate to the 
pits were delineated by white lines. The pit morphology of the con
ventional sample displays an irregular shape, whereas that of the L-PBF 
deposit exhibits a more nearly round shape. All the pits feature broad 
openings and are relatively shallow. Notably, pitting in the L-PBF de
posit does not exhibit a preference for growth along the fusion bound
ary; instead, it demonstrates an overall uniform growth in all directions. 
This inhomogeneity may stem from the dependence of corrosion prop
erties on crystallographic orientation [12]. 

4. Discussion 

The enhanced corrosion performance of L-PBF 316 L over its con
ventional counterpart has been well-reported before in NaCl solution [3, 
9–11,13,14]. However, there is still an active debate on the origin of 
improved properties of L-PBF sample. The main difficulty lies in the 
various types of different microstructural features (grain structure and 
phase constitution) and defects between the LBPF and conventional 
samples. These differences can be further altered when the processing 
parameters (e.g., laser powder, scan speed) are varied. The most popular 
mechanisms proposed for the improved corrosion performance in L-PBF 
condition include (1) The absence or very small-sized MnS inclusion [9] 
in L-PBF condition, and (2) the formation of a more compact and pro
tective passive oxide film due to the high dislocation densities in the 
L-PBF 316 L [15,16], (3) the presence of porosity may cause metastable 
pitting event but not reduce the pitting resistance in dense L-PBF 316 L 
[17]. It is worth mentioning that, in the afore-mentioned studies, most if 
not all of the L-PBF conditions are considered in bulk form. 

In this work, the conventional 316 L was L-PBF deposited by up to 6 
layers, with an average thickness of a hundred microns. All L-PBF thin- 
layer deposit demonstrated remarkably increased pitting resistance. In 
contrast to previous reports [15,18,19], no chemical segregation has 
been found either around melt pool or within dislocation subgrain net
works (Fig. 1f). The presence of such segregation has been reported to 
cause a microgalvanic coupling between the cellular interior and 
boundary [15,20,21]. 

The average equivalent grain size around the pit is larger in the 2- 
layer 0◦ rotation deposit compared to both that of single-layer deposit 
and the other 2-layer deposit (Fig. 4). The 6-layer 67◦ deposit exhibits 
the finest grain size (refer to Fig. 4). It is also noteworthy that the texture 
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Fig. 1. SEM profile image of the (a) single layer deposition, (b) 2-layer 0◦ rotation deposition, (c) 2-layer 90◦ rotation deposition, (d) 2-layer 67◦ rotation deposition, 
(e) 6-layer 67◦ rotation deposition; subfigure ‘X1′ and ‘X2′ are the magnified area around melt pool boundary and deposit/substrate interface; (f) TEM analysis: (f1) 
FIB cross-section containing melt pool boundaries, (f2) EDS area scanning result of the blue line in f1. (f3) bright field images of the area in red rectangle in f1, (f4) 
SAD pattern of the 316L matrix. 
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has not yet developed in the sample with only 6 layers deposited. In 
contrast, the bulk sample with a 67◦ rotation scan displays a much 
coarser grain structure (grain diameter of 36.7 µm) and well-developed 
texture (see Fig. 5). Nevertheless, the pitting resistance of 6-layer de
posit sample is comparable to that of the bulk L-PBF situation (700.5 mV 
vs. 748.3 mV), indicating a less significant role played by the grain size 
and texture. 

The passive film resistance of the L-PBF layer deposit has been shown 
to increase more notably with polarization potential, in contrast to the 
conventional condition (Fig. 3d). Although it is challenging to directly 
relate the passive film resistance at Ecorr + 300 mV to its breakdown at 
the pitting potential, as the passive film resistance declines at higher 
polarized potential [14], this difference between LBPF thin-layer deposit 
and the conventional counterpart supports the assumption that a higher 
density of cellular boundaries may increase reactivity by providing more 
sites for passive film nucleation. This, in turn, accelerates the formation 

of a protective layer on passivated alloys. This is also supported by the 
observation that the reduced metastable pitting event with an increasing 
number of deposit layers (Fig. 2a). 

Limited studies have reported the pit morphology following polari
zation tests of L-PBF 316 L. Zhou et al. documented the melt pool 
boundary as the primary site of corrosion in the as-fabricated samples 
[22]. In contrast, Revilla found that the cellular boundary exhibits high 
resistance to attack compared to the cellular interior, thereby restricting 
the extent of penetration [23]. The pit morphology (Fig. 4 and Fig. 5) in 
this study demonstrate distinct features in that 1) the track boundary is 
not more susceptible to attack, 2) there is no apparent difference in the 
corrosion resistance between the cellular interior and boundary. The pit 
initiation occurs closely to the track boundary and grow more uniformly 
in all directions crossing the track/melt pool boundary. Crystallographic 
orientations can be visualized contributing to the local uneven growth. 
Finally, it is worth mentioning that the samples printed are highly dense 

Fig. 2. Potentiodynamic curve of (a) the 316 L matrix, single- and 6- layer 67◦ rotation deposition, and (b) 2-layer 0◦, 90◦, and 67◦ rotation deposition, and (c) 
extracted pitting, repassivation, and corrosion potential. 
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Fig. 3. EIS results of various 316 L samples, including conventional matrix, single layer, 6- layer 67◦ rotation, and 2-layer 0◦, 90◦, and 67◦ rotation deposition: (a) 
Bode plot at Ecorr+ 300 mV, (b) Bode and Nyquist plot of the 6- layer 67◦ rotation 316 L at Ecorr, Ecorr+ 100 mV, + 200 mV and + 300 mV, respectively, (d) extracted 
charge transfer resistance (Rct) using the equivalent circuit shown in (c). 
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and the examined surfaces are polished so that the porosity and surface 
roughness are not considered in this study. 

5. Conclusions 

Motivated by the need of on-demand repair and surface modification 
of conventional 316 L via L-PBF, we have investigated the conventional 

Fig. 4. SEM/EBSD image of the pit in the (a) conventional sample, (b) single layer deposition, (c) 2-layer 0◦ rotation deposition, (d) 2-layer 90◦ rotation deposition, 
(e) 2-layer 67◦ rotation deposition, (f) 6-layer 67◦ rotation deposition; X1-X3 are the SEM images viewed from the top (i.e., XY plane), 25◦ angle, and profile (i.e, YZ 
plane) of the selected cross section, respectively; X4 and X5 are the EBSD images of the selected domains in X1 and X3, respectively. The pits are shown in white in X4 
and X5, as the signal selection fails within the pits, and GS represent the equivalent average grain diameter in μm. 
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316 L with single- to six- layer L-PBF deposit. The thickness of the de
posit varies from 80 to 150 µm, depending on the number of deposit 
layer and scanning strategies. The conventional 316 L matrix is also 
investigated as comparison. We explore their microstructural features, 
passive film resistance, and corrosion properties and pitting 
morphology. This study addresses a gap in previous research, which 
predominantly focused on L-PBF 316 L in its bulk state. It paves the way 
for on-demand repair and surface modification of conventional 316 L 
components via L-PBF. The main conclusions are drawn as follows:  

1. A single-layer L-PBF deposit can result in an approximately 300 mV 
increase in pitting resistance compared to conventional 316 L.  

2. The pitting resistance of the 6-layer deposit is comparable to that of 
the bulk L-PBF counterpart, despite the more refined grain structure 
and yet-to-be-developed texture in the 6-layer deposit.  

3. The passive film developed on the L-PBF thin-layer deposit is more 
resistant at the anodic potential compared to that of the conventional 
one.  

4. The corroded surface after polarization test features one major pit 
that demonstrates a nearly round shape. No preferential growth 
along melt pool boundary and grain boundary are observed.  

5. The enhanced pitting resistance is most likely attributed to the dense 
dislocation cellular/columnar subgrains developed during the L-PBF 
treatment. 
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