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Microstructural analysis and electrochemical measurements were performed in a SLM 316 L steel that was
submitted to SSP. In comparison to the wrought steel, the greatly smaller grain size and higher dislocation
density promote nucleation sites for oxidation, and a thicker passive layer, with more stable Cr,O3 oxides, is
formed on the SLM steel. SSP produces a thick-gradient surface layer with a nanostructured surface. Overall

corrosion resistance decreased in comparison to the un-peened SLM. SSP induces decohesion along the MPBs,
leading to pitting. High-residual stresses, twins and dislocation break the cellular-walls, promoting the imperfect
cell-structure and jeopardizing the passive film stability.

1. Introduction

Austenitic stainless steels (ASS) are widely employed in automotive,
aerospace and medical equipment, due to its excellent mechanical
properties and corrosion resistance [1,2]. Nevertheless, mechanical and
corrosion behavior of ASS must be further studied because of the
impending use of the new additive manufacturing techniques in the
industrial field.

Selective Lase Melting (SLM) is an additive manufacturing method
that melts powdered raw material by means of a high energy laser beam,
before its solidification. It offers the advantage to produce complex al-
loys parts that can not be manufactured by conventional methods. Be-
sides, previous studies have demonstrated that SLM ASS show superior
mechanical properties than conventional wrought ASS [3]. However,
further research is still needed in terms of corrosion properties of the
additively manufactured ASS [4].

SLM 316 L susceptibility to the different forms of corrosion are now
being investigated by the scientific community to qualify SLM ASS for
industrial service. The microstructures produced by SLM are related to
the process parameters, such as laser power, laser scanning speed, layer
thickness and hatch distance, revealing the importance of parameter
optimization in the SLM process.

Porosity is one of the key factor that influences corrosion resistance

* Corresponding authors.

of SLM 316 L. Sun et al. [5] revealed that porosity will have a prefer-
ential pit initiation if it is more than 1 %. In that same context, Sander
et al. [6] reported that SLM 316 L samples with porosities ranging
around 0.04-0.05 % showed notable pit initiation resistance in com-
parison to wrought 316 L. In SLM 316 L, Chao et al. [7]have also re-
ported that the improved pitting resistance is attributed to the
annihilation of detrimental manganese sulphide (MnS) inclusions,
benefiting from the high solidification velocity of additive
manufacturing (~107 K/s). Previously, Zhang et al. [8] revealed that
MnS inclusions are unavoidable in conventional 316 L and they facili-
tate initiation of pitting corrosion. Based on these findings, Ni et al. [3]
reported that pitting potentials of the SLM 316 L were higher than those
of the wrought samples, in chloride solutions with different concentra-
tions. Zietala et al. [9] informed that pitting potential in SLM 316 L was
around 300 mV positiver than its wrought counterpart in 3.5 wt% NaCl
solution. Kong et al. [10] have also found that the pitting potential of
the SLM 316 L is over 1 V exceeding the typical value of 0.3 V for con-
ventional 316 L. However, the pitting potential and the passive film
thickness decreased after heat treatment at 1050°C and especially, at
1200°C. This fact was attributed to the compressive residual stress relief
and decrease in dislocation density. In SLM process, high dislocation
density present at the cellular boundaries improves diffusion and elec-
tron activity, decreasing the energy barrier for electrochemical reactions
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Table 1

Chemical composition (wt%).
Series C Si Mn Cr Ni Mo
Wrought & annealing 0.021 1.00 2.00 17 12 2.25
SLM 0.020 0.60 1.20 18 12 2.00

Table 2

Printing parameters. Selective Laser Melting technique.

Laser power (W) Scanning speed (mm/s) Hatching distance (mm)
225 650 0.1

Table 3
Characteristics of the peening media.

Shot type Material Nominal diameter Hardness (HB)
round shots ASS 0.6 150
Table 4

Almen intensity characterization.*Peening flux rate is controlled by the peening
valve opening in the Guyson Euroblast shot peening machine.

Pressure Peening flux rate* Peening height Peening angle Shot type

(bar) (mm) ©)

2 2 turns 230 90 Table 3
Table 5

Shot peening.

Almen intensity Surface coverage (%) Exposure time (s)

Ccsp 12A 100 7
SSp 12A 3000 210

what promotes the formation of a thicker passive layer. The effect of
residual stress on the corrosion resistance of 316 L manufactured by SLM
was also studied by V. Cruz et al. [11]. They informed that pitting po-
tential increased and passive film current decreased, with increasing
compressive stresses. This fact, associated with the slightly interatomic
distances into the compressively stressed lattice, was attributed to the
formation of a robust passive layer. Nevertheless, the compressive re-
sidual stresses influenced the repassivation potential detrimentally. The
poorer repassivation properties were associated to the sluggish passive
film growth kinetics. Although there is a general consensus about the
positive influence of externally introduced compressive residual stresses
on corrosion resistance, the role of residual stresses on the passivity of
SLM counterparts needs to be better explored. J. Sun et al. [12]
informed that ultrasonic severe surface rolling (USSR) produced a
gradient surface layer with a grain size of 86 nm in the top surface layer
that contributes to improve corrosion resistance of selective laser melted
316 L, in 3.5 wt% NaCl solution. Y. Zhao et al. also [4] stated that the
small grain size and high grain boundaries density enhance the forma-
tion of stable oxides, resulting in high corrosion resistance. Recently, P.
Ebrahimzadeh et al. [13] informed that severe shot peening (SSP) with
subsequent low annealing treatment can be employed to increase
corrosion resistance of 316 L in 3.5 wt% NacCl solution. Authors also
informed that corrosion behavior is strongly dependent on the effects of
work hardening and microstructural singularities promoted by severe
peening. SSP promotes grain refinement, work hardening and the for-
mation of strain-induced martensite, improving hardness near surface
areas. However, certain discrepancies have been reported in literature
on the positive or negative role of shot peening in corrosion resistance of
316 L. Even though SSP is known, its response to corrosion is still a work
in progress.
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Studying corrosion behavior of shot peened SLM printed 316 L has
attracted limited attention and corrosion mechanisms have not been
systematically studied yet. To the author’s best knowledge, under-
standing the relationship processing parameters, shot peening and
corrosion becomes critical in producing SLM printed 316 L components.
Thus, in this study, selective laser melted 316 L samples were submitted
to conventional (CSP) and severe shot peening (SSP) treatments. The
shot peened samples (as-built + CSP and as-built + SSP) and reference
(SLM as-built) were characterized including phases, grain refinement,
surface and subsurface residual stresses and work hardening (Full Width
at Half Maximum) and microhardness profiles. Electrochemical tests,
including potentiodynamic polarizations and electrochemical imped-
ance (EIS) were also performed to evaluate corrosion behavior of as-
built and as-built + SSP selective laser melted samples. Results were
compared with its wrought equivalent, in 3.5 wt% NacCl.

2. Experimental procedure
2.1. Material and selective laser melting (SLM) technique

The chemical composition of both wrought and SLM 316 L is given in
Table 1. The common processing parameters based on the manufac-
turer’s recommendations were used in this study (Table 2). Anyway, the
selected printing parameters are also discussed in further section. SLM
series showed a relative density of 98 % measured by means of Archi-
medes method.

2.2. Shot peening treatment and surface condition

In the present study, conventional (CSP) and severe shot peening
(SSP) treatment were applied on SLM 316 L by means of an air Euroblast
4 PF Shot Peening machine. The peening media characteristics are given
in Table 3. Initially, Almen characterization was performed, following
the conditions described in Table 4. Almen intensity was calculated from
the Almen saturation point, using A strips. The Almen saturation in-
tensity was found to be 12 A. For more information, the reader is
addressed to [13].

Once Almen intensity was characterized, coverage factor (C) was
determined, according to Eq. 1. Selective laser melted samples were
always blasted with an Almen intensity of 12 A. Shot peening with
100 % coverage was considered as conventional shot peening, while
shot peening with 3000 % coverage was considered as severe (Table 5).

C (%) =100-[1 —exp(—A,t)] 1)

In this work, the studied series are divided in: as-built, as-built + CSP
and as-built + SSP. Results are compared with those determined in a
conventionally manufactured austenitic steel, denoted as wrought
+ annealing.

It is well known that SSP can promote grain refinement, work
hardening as well as martensitic phase transformation [13-16].
Although the influence of severe plastic deformation in microstructure
and corrosion resistance of conventionally manufactured ASS has been
extensively studied [13,17-19], the SSP response of additively manu-
factured 316 L is still a work in progress, especially in terms of corrosion
properties and mechanisms. Even, contradictory points of view have
been found in literature about the role of grain refinement induced by
cold-working on corrosion resistance. While Q. Xu et al. [20] and J. Sun
et al. [12] argued that nanocrystallization is beneficial in terms on
corrosion resistance, other authors have reported the opposite effect
[21,22]. Focusing on the influence of severe deformation processes able
to promote the formation of nanocrystalline structures, in series sub-
jected to SP, corrosion studies were only conducted in the as-built + SSP
samples. After applying the SSP and to remove any contaminant
adhering to the surface, all samples were rinsed ultrasonically in acetone
and distilled water sucessively, for 20 minutes.

To study the influence of mechanical and microstructural
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Table 6
Surface roughness (pm) after polishing.
Ra R, Rmnax
Wrought + annealing 0.15+0.04 1.34+0.60 1.90+0.5
SLM as-built before polishing 6.58+1.40 8.3+1.72 50+9.0
after polishing 0.14+0.03 1.3+0.40 2+0.7
as-built + SSP before polishing 5.00+1.00 24.0+2 28+3.0
after polishing 0.13+0.05 1.3+0.50 1.8+0.7

singularities on corrosion resistance, without the interference of the
surface roughness [13,23], all the samples were polished, by 1200 SiC
paper. In the case of the as-built + SSP series, mechanical polishing was
carefully performed, without noticeably altering the refined surface
layer induced by the high-energy (12 A and 3000 % coverage) delivered
onto the steel surface. Surface roughness values are given in Table 6. ‘Ry’
is the average roughness, ‘R, represents the average maximum height of
the profile and ‘Rpyax” is the maximum roughness depth. Measurements
were conducted using a DIAVITE DH-6 roughness tester.

2.3. Microstructural characterization

The phase of the wrought and additively manufactured samples were
analyzed by means of a Seifert XRD 3000 T/T diffractometer, with a Mo-
Ka radiation source at 40 kV and 40 mA. The scanning range was from 7
to 37° in 26, with a step size of 0.025° and 60 s per point.

To reveal the microstructural features, the samples were metallo-
graphically prepared. They were ground up to 1200 SiC paper, and
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polished with 6 and 1 m diamond paste. Then, they were electrochem-
ically etched in a 5 wt% oxalic acid solution, at a DC voltage of 7 V for
50 s. Microstructure was observed in a SEM JEOL JSM 5600.

Microstructural analysis was completed by EBSD technique with a
EBSD detector (Symmetry) from Oxford instruments. Analysis was car-
ried out to analyze the grain size and the geometrically necessary
dislocation density (GND). In samples subjected to SP, EBSD analysis
was conducted on the cross-sectional samples. EBSD data were acquired
withing 150 x 150 pm? area with a step size of 300 nm. In the case of the
shot peened surfaces, a finer scan of 30 nm was employed to analyze the
grain refinement level promoted by the CSP and SSP treatments, in an
area of 5 x 25 pm? The EBSD data were analysed with AZtecCrystal
software. The average density of geometrically necessary dislocations
(GND) was calculated using the approach described in [24]. It was
assumed that GNDs is linearly dependent on the Kernel Average
Misorientation (KAM) value according to Eq. 2. The selective laser
melted samples show orientation gradients and these orientation gra-
dients are displayed by means of a KAM map. The dislocation density
corresponds to the colour legend, with blue areas having the lowest and
the green areas having the highest density.

0
Penp = b.Tn".l; 2

where 07, is the true KAM value, b is the length of the Burgers
vector, n is the size of the Kernel, measured in a number of EBSD mea-
surement steps and a is the measurement step size.

The magnitude and depth of the hardening caused by the shot
peening were determined in a Buehler Micromet 2100. A force of 200 g

101

200pm

Kernel Aver. Misorient.
0 [°) S

Fig. 1. Microstructure of the wrought + annealing series. (a) Inverse pole figure obtained via EBSD. (b) KAM results.
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Fig. 2. Microstructure. Selective laser melting series: as-built condition.
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Fig. 3. (a) Grain size and (b) dislocation density distribution.

was applied for 15 s. The measurements were conducted from the sur-
face to sample’s core. Full Width at Half Maximum (FWHM) parameter
and the residual stress profiles were also measured in a Stresstech 3000-
G3R X-ray diffractometer. FWHM (i.e. work hardening index) is related
to grain distortion, dislocation density and residual micro-stress state
[13,25]. Residual stresses was determined using the sin?y technique.
The Ko chromium wavelength was used onto the {200} gamma lattice
plane, under a 20 of 128.8° [13]. Residual stresses and FWHM were
analyzed in depth. For that, an electrochemical process was applied,
using a potential of 45 V and a reactive agent composed by 96 % acetic
acid and 4 % perchloric acid.

2.4. Electrochemical measurements

Electrochemical behavior of the wrought + annealing and selective
laser melted samples (as-built and as-built + SSP) was analyzed by
Palmsens4 potentiostat. Electrochemical measurements were conducted
in 3.5 wt% NaCl solution at room temperature, by using a traditional
three electrode system. The working electrode was the test sample, the
counter electrode was a platinum sheet (20 x20 mm?) and the reference
electrode was a saturated Ag/AgCl electrode. The open circuit potential

(OCP) was monitored for two hours until stable OCPs was achieved.
Potentyodinamic polarization tests were performed in the range —0.2 V
from the OCP to + 1 V at a scan rate of 0.6 V/h. EIS measurements were
conducted in a range of frequency varying from 100 kHz to 10 mHz with
+10 mV sweep from the OCP. Potentiostatic polarization were
measured at a constant potential of + 0.25 V from the OCP, for 20 min.

The chemical compositions and elemental state of the passive film on
wrought + annealing, as-built and as-built + SSP samples after + 0.25 V
potentiostatic polarization for 20 min were determined by XPS (X-ray
Photonelectron Spectroscopy) analysis. XPS measurements were carried
out using a Phoibos hemispherical analyser, with monochromatized Ka
Al radiation (1486.74 eV). High resolution spectra were taken using
30 eV energy pass and 0.1 eV energy step. The composition ratio in the
passive layer was calculated by integrating the corresponding area. After
the potentiostatic polarization tests, the surface topography was also
analyzed in a Confocal Espectral Leica TCS-SP8X microscope.
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Fig. 4. Defectology in selective laser melting series: as-built condition.
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Fig. 5. XRD patterns for the different series onto the surface layer.
3. Results
3.1. Microstructure: wrought and annealing and SLM series

The microstructure of the wrought and annealing 316 L can be
observed in Fig. 1(a). It consists on regular austenitic polygonal grains in
the range of 10-60 pm. Fig. 1(b) shows the kernel average misorienta-
tion (KAM) evolution for the wrought and annealed series. The 316 L
samples prepared by SLM shows the fan-shaped melt pools (Fig. 2(a) and
(d)) caused by the incremental layer by layer SLM construction process.
The as-built microstructure is composed of columnar grains forming
epitaxially along the build direction (Fig. 2b). SLM 316 L has a wider
size range of irregular grains, where most grains have a size of around
10-15 pm (Fig. 3(a)).

Fig. 2e displays that many subgrains (cellular structure) with an
average size of 400 nm (Fig. 2f) exist in the SLM 316 L series, which can
be attributed to the high dislocation density due to the rapid solidifi-
cation, during the printing process. The average of geometrically
necessary dislocations (GND) was found to be 0.5-10* m~2 in the
wrought and annealed series, and 1.5:10'* m~2 in the SLM 316 L series,
Fig. 3(b). A very high stress level was confirmed after printing (Fig. 2c).

Incomplete fusion holes and spherical porosities randomly distrib-
uted in microstructure were very locally observed (Fig. 4). Incomplete
fusion holes, i.e. lack of fussion (LOF) deffects, are generally attributed
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to the lack of energy input during the SLM process. Energy input (E) can
be estimated according to Eq. 3, where ‘P’ is laser power (W), ‘v’ is can
speed (mm/s), ‘h’ is hatching distance (mm) and ‘t’ is layer thickness
(mm).

P
" yht

Therefore, an energy density of 70 J/mm> can be calculated. An
energy density exceeding 60 J/mm?® contributes to minimize the defects
during the SLM process, resulting in low density of defects (less than
1 %) when an appropiate energy input is utilized [26]. This fact
contribute to explain that LOF defects and porosity have been observed
in very local areas. G. Alvarez et al. [27] also observed the presence of
pores and LOF defects in additively manufactured 316 L stainless steel.
As in this work, the presence of defects was also reported to be less than
1 %, in the as-built condition. Although pores are difficult to avoid, it
can be controlled to a extremely low levels by selecting the right energy
input (70 J/mm? in the present study). Porosity is one of the factors that
influence corrosion resistance of SLM 316 L. Nevertheless, several au-
thors [28,29] have suggested that porosity would not have a preferential
pit initiation if it was less than 1 %. Although mechanical and micro-
structural singularities that affect SLM 316 L corrosion resistance will be
discussed later, the printing parameters were selected to minimize the
presence of defects, which could have a negative impact on corrosion
resistance.

3

3.2. Influence of plastic deformation on microstructure of selective laser
melting series: as-built + CSP and as-built + SSP

The XRD profiles for the SLM series are shown in Fig. 5. The SLM
series did not have martensitic peaks, even for the severe shot peening
series. In a previous work, P. Ebrahimzadeh et al. [13] shown
martensitic peaks for the severely peened samples in the wrought and
annealed 316 L. In the present work, the absence of martensite after
plastic deformation is attributed to the strongly oriented grain structure
in SLM series (Fig. 2b and Fig. 6) which could be more resistant to plastic
deformation than the wrought and annealed series.

XRD analysis in the shot peened samples (CSP and SSP) resulted in
high broadening of peaks. This fact is associated to the increase of
dislocation and formation of surface subgrains. Fig. 6(a) and (b) displays
the KAM results and the inverse pole figures of the CSP and SSP SLM
316 L samples, respectively. As can be seen, SLM as-built + CSP and SLM
as-built + SSP exhibited a very high stress status in comparison to the
un-peened one, which is attributed to the bombardment of shot peening
media. It is evident from the figure that the depth of the affected layer by
the shot peening increased after the severe bombardment, with a
coverage level of 3000 %. Bombardment of shot peening media pro-
moted plastic deformation and therefore, GND density increased near
the surface (Fig. 6¢). This effect was especially notable in the SLM as-
built + SSP sample.

The difference between deformed grain regions among the different
series can be observed from the IPF maps. The grain refinement depth of
50 pm was observed after the conventional shot peening. However, it
increased to 100 pm with the severe shot peening. A careful observation
by using a smaller step size enables higher indexing success. Hence, the
smallest grains near the top surface region could be observed. The dif-
ference in grain refinement is also displayed in Fig. 6(d). In the case of
the CSP samples, grains have a size of around 0.2-1 ym. However, nano
(grains smaller than 100 nm) and submicron sized grains were observed
in the severely peened samples, very near the top deformed region. The
grain size gradually increases in depth, being similar again to that
determined in the un-peened as-built samples. The un-peened as-built
sample had an average hardness of 260HV, while hardness increased to
350HV and 420HV after the CSP (100 % coverage) and SSP (3000 %
coverage) treatments, respectively (Fig. 7). In addition, the shot peening
promoted hardness depth is around 200pm, after which the hardness
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Fig. 6. (a) as-built + CSP (transversal section), (b) as-built + SSP (transversal section), (c) GND density in all series and (d) grain refinement level near the surface.
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reach the un-peened sample value. It is important to mention that the
hardness of SSP sample was improved by 62 %. This effect is attributed
to work hardening along with grain refinement. As previously
mentioned, after SSP, GND increased to 10*®> m/m® and grains smaller
than 100 nm were identified near the surface.

The residual stresses of the un-peened and shot-peened samples are
given in Fig. 8(a). CSP and SSP treatments induced larger compressive
residual stresses. In comparison to the CSP treatment, the SSP series
induced higher and deeper compressive residual stresses. In this case,
compressive residual stresses of more than —600 MPa up to 100 pm
depth were determined by X-Ray diffraction. The full width Half
maximum (FWHM) is depicted in Fig. 8(b). FWHM increased after shot
peening, especially after the high plasticity induced during the severe
bombardment. As previously stated, KAM results already evidenced a
very high stress level after the severe shot peening (3000 % coverage).
The IPF maps (Fig. 9) shows a gradual increase in grain size, starting
from nano-scale, highly refined grains at the top surface, progressing to
coarser grains throughout the core material, especially after the SSP. It is
important to note that the black areas correspond to nanostructured
grains, smaller than 100 nm, which were undetectable due to the EBSD
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Fig. 10. Open Circuit Potential evolution in 3.5 wt% NacCl solution for 2 h.

scanning step size.

The crystalline size, using the FWHM parameter, was calculated by
means of the Williamson-Hall method [30]. The crystallite size of the
top surface of samples subjected to SSP was ~10 nm. These results
clearly show that surface nanocrystallization occurred in as-built + SSP

samples, with crystallite sizes below 100 nm. Among the treatments,
SSP demonstrated the greatest effectiveness in reducing grain size,
indicating superior grain refinement (Fig. 6 and Fig. 9). The findings also
reveal that specimens treated with SSP had the highest KAM values.
KAM values, around 5° were well correlated with the depth of refined
grains, while lower KAM values, around 1°, correspond to the less
deformed areas. Besides, in the very top surface layer, the phase map
revealed a continuous austenite phase (Fig. 9). The presence of the
strain-induced martensite was not detected from the EBSD analysis. This
analysis is consistent with the results obtained from the XRD analysis
(Fig. 5), demonstrating strong alignment between the two character-
ization techniques, and confirming the absence of martensite. The
absence of martensite, after applying the SSP treatment in the SLM
samples, is mainly attributed to strongly orientated grain structure
which is more resistant to plastic deformation. A similar finding was
previously reported by T. Gundgire et al. [31]

3.3. Electrochemical measurements

3.3.1. Open Circuit Potential (OCP) and potentiodynamic polarization
curves

Fig. 10 shows the OCP evolution for two hours in 3.5 wt% NaCl. The
OCPs become practically changeless after 4800 s and remain constant
the following time. The Eqcp value of the wrought + annealing series
decreased (=-0.22 V) in comparison to the additively manufactured
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Fig. 11. Potentiodynamic polarization curves in 3.5 wt% NaCl solution at RT.

Table 7
Electrochemical parameters extracted from the potentiodynamic polarization
curves.

Series Ecorr Epit Epit — Ecorr (V) ipass
W) W) (uA/cm?)
Wrought + annealing -0.21 0.13 0.34 0.04
SLM as-built —0.11 0.73 0.84 0.06
SLM as-built + SSP —0.07 0.50 0.57 0.02
10
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Fig. 12. Current evolution as a function of time at + 0.25 V from the OCP in
3.5 wt% NaCl.

series (=-0.1 V). The SLM samples (as-built and as-built + SSP) showed a
higher Eqcp value. As will be seen later, the higher OCP value indicated
that material is less prone to corrosion, in other words, the increase of
OCP value evidences that the increased compactness of passive film with
time [32,33].

The potentiodynamic polarization curves of the wrought
+ annealing and SLM series are displayed in Fig. 11. There is no clear
difference among the three cathodic polarization branches. Self-
passivation characteristics in 3.5 wt% NaCl were clearly noted for
both additively manufactured series and wrought + annealing. To
evaluate passivation properties, polarization curves were analyzed and
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Table 8
Corrosion parameters obtained from the EIS measurements. y? stands the fitting
deviation in the equivalent circuit analysis.

Wrought + annealing SLM as-built SLM + SSP
Rs (Ohm) 2.4 1.5 1.4
Cai (uF/cm?) 75 40 63
ng 0.85 0.92 0.9
Re; (Ohm) 40,000 94,000 62,000
Cr (uF/cm?) 100 36 75
ng 0.74 0.91 0.84
R¢ (Ohm) 70,000 320,000 10°
%2 (error) <0.1 <0.1 <0.1

the obtained electrochemical parameters are given in Table 7. SLM se-
ries (as-built and as-built + SSP) and wrought + annealing evidenced
minimal differences (=~20-60 nA/cm?) in passive current density (ipass)-
However, pitting potential (Ep;y) and the potential range from corrosion
to pitting potential (Epi; — Ecorr) Were other critical parameter to analyze
passivation behavior. Epi; — Ecorr range (passivity range) in SLM as-built
series (840 mVag/agc) was wider than wrought + annealing series
(340 mVag/agc1)- Accordingly, corrosion resistance of SLM as-built series
is higher than that of the wrought + annealing series. Besides, meta-
stable pitting current peaks were also observed in wrought + annealing
serie, before reaching the pitting potential. As mentioned previously, in
the SLM 316 L, the low porosity (below 1 % in this study) and the pore
size smaller than 2 pm (Fig. 4) do not appear to compromise the passive
film stability. In this regard, Schaller et al. [34] observed that the
reduced corrosion resistance, in chloride solution, of SLM stainless steels
took place at large pores with diameters exceeding 50 pm. On the other
hand, D.C. Kong et al. [35] also stated that in SLM 316 L stainless steel,
pores with diameters below 10 pm can be corroded in more aggressive
environments, such as sulfuric acid. Thus, in our study, porosity does not
seem to play a mayor role on corrosion resistance, and the influence of
the different microstructural singularities on corrosion properties and
mechanisms are systematically addressed further below.

Additionally, it is important to mention that passivity range in SLM
as-built + SSP (570 mVag/agcy) also increased respect to the wrought
-+ annealing series but nevertheless, it decreased in comparison to SLM
as-built. Thus, polarization results also indicate that pitting resistance of
SLM as-built series submitted to SSP is lower than SLM as-built, which
might be attributed to the poor properties of the passive film, as will be
discussed later. Anyway, it is also important to highlight that the in-
fluence of shot peening on corrosion resistance of AISI316L is often
controversial in the literature [36,37] and the impact of the severe shot
peening on corrosion resistance and mechanisms of SLM 316 L samples
remains still unexplored. Several authors have observed that iy, de-
creases and pitting potential (Ep;) increases with increasing compressive
residual stresses in 316 L ASS, with residual stresses being introduced by
laser shock processing [38] or cavitating jet [39]. However, detaching
the effect of residual stresses from microstructure is in practice very
challenging and it should be cautioned that techniques to alter residual
stresses systematically affect microstructure. According to previous
studies [39], the slightly lower interatomic distances, in the underlying
compressively stressed metal lattice, led to iy, to decrease, like in our
work. Interestingly, in our study, severe shot peening was found to in-
fluence Epj; detrimentally (compared to the SLM as-built sample). As
explained later, after the SSP treatment, the local surface stress gradient
at the MPBs, with higher interfacial free energy, induces its decohesion,
which affects the nature of the oxide passive film. Thus, the higher local
free volume of MPBs seems to provide a fast mass transport pathway for
the corrosive electrolyte, and corrosion attack occurr severely along the
MPBs. Aligned with [40], this fact contributes to justify the lower Ep;
value found in the as-built + SSP sample, in comparison to that found in
the SLM as-built series.
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3.3.2. Potentiostatic polarization
Current versus time curves obtained from the potentiostatic polari-
zation measurements are given in Fig. 12. The current of the different

10

notably increases in the selective laser melted series, even in the SLM as-
built series submitted to severe shot peening. Thus, the anodic current
density evolution and the metastable pitting events are in agreement
with the potentiodynamic polarization results.

3.3.3. EIS measurements
The EIS measurements of SLM and wrought + annealing series are
shown in Fig. 14 and the electrochemical parameter obtained from the
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Fig. 17. XPS spectra of Fe and Cr for the passive film formed on the studied steel series.

EIS measurements are summarized in Table 8. SLM and wrought
+ annealing series show two capacitive loops, and the EIS plots were
fitted by the equivalent circuit proposed in Fig. 13. J. Nie at al. [33] and
Yang Zhao et al. [4] proposed a similar circuit to fit the EIS data, R(Q[R
(QR)D), in an additively manufactured 316 L stainless steel in 3.5 wt%
NaCl solution. In this equivalent circuit mode, ‘Rs’ is the electrolyte
resistance, ‘Qq’ (Cq1, ng1) is the double layer capacitance at the film/e-
lectrolyte interface, ‘R¢¢’ is the charge transfer resistance, ‘Qf (Cg, ny) is

11

the passive film capacitance and ‘Rf represents the resistance of the
passive film. The capacitance (C) can be calculated according to equa-
tion 4. Based on this analysis, the thickness of the passive film (t) can be
estimated using equation 5, where ‘A’ is the electrode surface area, ‘¢’ is
the dielectric constant of the oxide film (assumed to be Equal to 15.6 for
Cry03 [41]) and ‘eq’ is the permittivity of the vacuum (8.854-.10°14
F/cm [10]).

As can be seen in Fig. 14(a), SLM as-built series exhibited a large
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Table 9

Binding energies of Cr 2p, Fe 2p and O 1 s by XPS analysis of the passive film on
the wrought + annealing, as-built and as-built + SSP series after potentiostatic
polarization in 3.5 % NaCl solution for 20 min.

Element  This study Ref.
wrought as-built as-built Peak
+ annealing + SSP
Cr (2ps/2) 574 (2p3/2) 574 (2p3/2) Cr [42]
574.5
(2p1/2) 583 (2p1,2) 584 (2p1/2) Cr [33]
583.3
(2p3/2) 576 (2p3/2) 577 (2p3/2) 577  Crz03 [43]
(2p3/2) 577 (2ps/2) 578 (2p3/2) Cr [44]
577.3 (OH)3
(2p1,2) 586.3 (2p1,2)587  (2p1,2) Cry03 [33]
586.8
(2p1/2) 587.4 (2p1/2) (2p1/2) 587  Cr [33]
587.5 (OH)3
Fe (2p3/2) 707 (2p3/2) 707 (2p3/2) Fe [45]
707.3
(2p1,2) 720.1 (2p1/2) (2p1/2) Fe [33]
720.2 720.3
(2ps/2) 710 (2p3/2) 710 (2p3/2) 710 Fe,04 [45]
(2p1/2) 723 (2p1/2) (2p1/2) Fe;03 [33,
723.5 723.4 46]
o) 531 531 530.7 0;
[33]
532 532 531.8 OH" [33]
533 533 5329 H,0 [471
Table 10
Mechanical and microstructural features.
HVyp  GS GND-10™ Gy FWHM  Hardened
(pm)  (m/m®) (MPa) (%) layer
(pm)
Wrought & 200 30 0.5 —100 1.0
annealing
SLM as-built 260 15 1.5 -+ 300 1.4 -
SLM as-built 350 0.2 8 —450 2.6 50
+ CSP
SLM as-built 420 0.05 11 —700 3.5 100
+ SSP

HV: in the case of the samples submitted to shot peening, Vickers hardness was
determined near the surface layer

GS: average grain size determined by EBSD. In the case of the shot peening,
maximum grain refinement is indicated

GND: geometrically necessary dislocations.

ores: surface residual stress measured by XRD

FWHM: Full Width at Half Maximum determined by XRD

Hardened layer: it does reference to the layer depth affected by the mechanical
shot peening treatment where grain refinement was promoted

capacitive loop radius what indicates higher corrosion resistance. Ac-

cording to this, polarization resistance (R.+Rq~=414,000Q) was the
highest among the studied series. Additionally, barrier properties of the

Table 11
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passive layer are associated with a high value of the impedance moduli
at 10 mHz. As can be seen in Fig. 14(b), |Z|o.01 uz notably increased in the
SLM as-built samples. As previously mentioned from the potentiody-
namic polarization, the passivity range (Epi-Ecorr range) was particularly
high in the SLM as-built series (Table 7). Based on the phase angle-
frequency curves, see Fig. 14(c), the phase angles approaching to —90°
from low to medium frequencies is associated to the formation and
growth of a stable passive film [4]. SLM as-built series, with a phase
angle value close to —90° over a certain frequency range, had higher
corrosion resistance than that of wrought + annealing. The calculated
passive film thickness of SLM as-built sample is 3 times thicker than that
of the wrought + annealing. Fig. 15 shows the thickness and the
capacitance of the pasive layer, as a function of the overall polarization
resistance (Rt + Ry¢). Film capacitance, varying from 30 to 200 pF/crnZ,
are representative of corroding iron surfaces [4,13,25]. Interfacial
capacitance decreases as polarization resistance increases, resulting in a
better stability of passive layer. As will be discussed later from the XPS
analysis, SLM as-built series had a greater fraction stable oxides (Cr203).
On the other hand, although corrosion resistance of the SLM as-built
-+ SSP series was also greater than that of the wrought series, after
applying the severe shot peening treatment, corrosion resistance
decreased in comparison to the un-peened SLM as-built series. As will be
discussed later, and in comparison to the un-peened SLM as-built series,
high-energy delivered onto the steel surface seems to affect the nature of
the passive film, which jeopardizes the passive film stability.

3.4. Composition of passive film. XPS results

The surface composition of passive film on wrought + annealing and
SLM series (as-built and as-built + SSP) was analyzed by XPS. Compo-
sition of each element is shown in Fig. 16. The different species were
calculated from the integral area of corresponding elements, which were
deconvoluted from the high resolution XPS spectra (Fig. 17). In all the
series, the presence of metal oxides, such as Fe;O3, CrpO3 and Cr(OH)3
was revealed. Table 9 shows the corresponding binding energies of the
peaks.

The variations of each component can play an important role on
corrosion resistance of the passive film. According to the results, in SLM
as-built series, it is clear that stable metal oxide CroOj3 is larger than
others, while the unstable Fe;O3 decreased. Thus, it can be concluded
that passive film of SLM as-built series had much more stability than that
of the wrought + annealing and as-built + SSP series. It is important to
recall that a thicker passive layer was formed in the as-built series,
acting as a barrier to ion diffusion and protecting the substrate against
further dissolution. In a previous work, Yang Zhao et al. [4] stated that
metallurgical defects (i.e. grain boundaries) in selective laser melted
316 L enhances dissolution and releases a large quantity of Cr>* ions at
the interface, which causes precipitation and dehydration of Cr(OH)3 to
promote much more stable Cr,O3 oxides.

Results obtained from the electrochemical analysis and areas prone to corrosion attack.

Ecorr Epit ipass R, Passive layer Corrosion areas
v \ A/cm? Q
W) W) (pA/cm®) ((®)] t (am) Cr,05 (XPS)
Wrought & annealing -0.21 0.13 0.04 110,000 0.14 15.0 MnS [13]
SLM as-built -0.11 0.73 0.06 414,000 0.40 25.0 very locally at GBs
SLM as-built + SSP -0.07 0.50 0.02 162,000 0.20 18.5 MPBs, GBs and subgrains

Ecorrt cOrrosion potential

Epi¢: pitting potential

ipass: passive current density

R;: overall polarization resistance (Rei+Ry)

t: passive film thickness estimated according to equation 5
composition of the passive layer was determined from the XPS analysis

12
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Fig. 18. Surface appearance after potentiostatic polarization test in + 0.25 V vs. OCP. (a) and (b) SLM as-built. (c), (d) and (e) SLM as-built + SSP. ‘GB’ is the grain

boundary and ‘MPB’ is the melt pool boundary.
4. Discussion

Several studies have demonstrated that 316 L made by selective laser
melting has higher yield strength than conventional wrought 316 L
steel. Nevertheless, regarding corrosion mechanisms and properties,
controversial results have been found in the literature. On the one hand,
Zhou et al. [48] and Sun et al. [49] demonstrated that general corrosion
behavior of SLM 316 L is more prone to pitting corrosion attack. On the
other hand, Xiao-qing Ni et al.[3] and Yang Zhao [4] reported that
pitting potential of the SLM 316 L were higher than those of the wrought
samples. Nie et al.[33] informed that additively manufactured 316 L
exhibited better general corrosion resistance than wrought but pitting
corrosion resistance was inferior to that of wrought 316 L. To solve these
conflict points, microstructural and corrosion properties of the SLM
316 L stainless steel must be systematically studied. In particular, two
question still remain: (1) how much do SLM microstructural features
influence passive film stability, even after the application of the SSP
treatment and (2) what are the potential nucleation pitting sites. To
further discuss corrosion properties and mechanisms, mechanical and
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microstructural changes promoted among the different series are sum-
marized in Table 10, whilst corrosion results are shown in Table 11
likewise.

316 L ASS fabricated by conventional ingot metallurgy is was more
sensitive to pitting corrosion than additively manufactured, when
exposed to chloride containing environments. Wrought + annealing
series had the worst corrosion resistance. However, SLM as-built
exhibited a higher pitting potential than the wrought + annealing
samples. This improvement in pitting resistance is atttibuted to the
reduced size and content of detrimental manganese-sulphide (MnS) in-
clusions, during rapid solidification in the SLM process. It is well known
that MnS inclusions act as potential pit initiation sites in austenitic
stainless steels conventionally manufactured [50]. Sander et al. [6]
stated that annihilation of MnS, in selective laser melted 316 L, pro-
moted to homogeneous Cr composition of the oxide layer inclusions in
the sorrounding area, which increased the pitting potential and reduce
the frequency of metastable pitting in 3.5 wt% NaCl.

In our study, the passive film thickness of SLM as-built was 3 times
higher than wrought + annealing series. In a previous study, Kong et al.
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Fig. 19. Confocal analysis for deepest pits after potentiostatic polarization test in 3.5 wt% NaCl at + 0.25 V vs. OCP. (a,b) SLM as-built. (c,d) SLM as-built + SSP.

[10] analyzed corrosion resistance of selective laser melted 316 L in
3.5 wt% NaCl solution. The thickness of the passive layer was found to
be 0.44 nm, nearly to that determined in our work. In SLM as-built
samples, a thicker passive layer is formed due to high dislocation den-
sity during the rapid solidification. GND density in the SLM as-built was
estimated to be 1.5-10' m/m?, whereas it decreased to 0.5-10'* m/m?
in the wrought + annealing series (Table 10). Additionally, grain
morphology and grain sizes were compared using EBSD. SLM process
promoted grain refinement, indicating that the SLM as-built grains
tended to be in the range of ~10-15 pm instead of ~30 pm determined
in the wrought + annealing samples (Fig. 3(a)). Definitely, in SLM
as-built series, high fraction of grain boundaries promoted due to the
grain refinement and cellular boundaries with an average size of
~400 nm (Fig. 2) are the areas having high dislocation density. Dislo-
cations have high activation energy because of the localized lattice
distortion, which is also confirmed by the increase of the FWHM
parameter when SLM as-built and wrought series are compared. It seems
dislocations favour elements to migrate by increasing the density of
diffusion path and the chemically active dislocation in grain boundaries
and cell boundaries promotes electron activity and diffusion. Thus, a
thicker passive layer (t = 0.4 nm in Table 11) is formed due to the
increased reactivity causes nucleation sites for oxidation. From the EIS
analysis, the improved passive film resistance (R=3200000hm) and
charge transfer resistance (R.;=940000hm) measured in the SLM
as-built series contribute to reveal the best passive film stability, among
the studied series. As previously stated, the angle phase close to —90
degrees (Fig. 14(c)) is associated with the formation and growth of a
passive film. In this regard and unlike what had been observed in the
wrought series (Fig. 12), anodic current inestabilities, associated to
metastable pitting events, were not observed either in the SLM as-built
samples.

On the other hand, sample submitted to severe shot peening also
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evidenced higher corrosion resistance than wrought + annealing series.
In this case, the density of GND notably increased to 11-10** m/m?, near
the shot peened surface. Additionally, SSP modified the grain size. EBSD
analysis revealed the presence of nanograins (grain size <100 nm,
Fig. 6) near the surface layer submitted to shot peening (12 A and
3000 % coverage). Nevertheless, it is important to recall that austenitic
phase was totally stable despite of the high-energy delivered onto the
steel surface, and the presence of strain-induced martensite was not
revealed by XRD analysis (Fig. 5 and Fig. 9). Gundgire et al. [31] found a
similar result, after applying shot peening in a 316 L steel additively
manufactured. The additively manufactured samples did not have
martensitic peaks even for the severely peened samples. This fact is
associated to strongly orientated grain structure in the SLM samples,
which are more resistant to plastic deformation.

Based on the previous explanation, the greatly smaller grain size and
higher dislocations determined in the SLM as-built + SSP series should
be expected to improve corrosion resistance. However, a thicker a more
compact passive film was formed on the SLM as-built samples (without
severe shot peening). Although several authors have observed that ipass
descreases with increasing compressive residual stresses, the compres-
sive residual stresses could also decrease the defect concentration in the
passive film and consequently, slow down its kinetics growth. In the SLM
as-built + SSP samples, ipass (~20 nA/cm?) was slightly lower than that
determined in the SLM as-built (~60 nA/cmz), as explained above.
However, high-energy transmitted to the surface seems to compromise
the passive film stability. In this study, high level of compressive re-
sidual stresses (-700 MPa) were found to influence pitting potential
detrimentally. A similar effect was also reported by Lei Guan et al. in a
316 L submitted to laser shock peening [40] . They found poor stability
of the passivation film and a higher likelihood of a metastable pit
transforming into a stable one in series subjected to laser shock peening.
Here, we speculate that compressive residual stresses are more
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Fig. 20. Confocal analysis. (a) surface of the SLM as-built and (b) transversal profile along the MPB-1 of the SLM as-built series. (c) Surface of the SLM as-built + SSP

and (d) transversal profile along the MPB-2 in the SLM as-built + SSP series.

dramatically devoted to the localized active sites rather than the
microstructure of the passive film. The existence of microdefects and the
uneven stress distribution along the MPBs (along with the induced local
decohesions, Fig. 20) nullify the advantageous effects of compressive
residual stress on the stability of the passive film during the growing
process of metastable pits. Therefore, in SLM samples, the pitting po-
tential decreased after the SSP treatment (Table 11).

Fig. 18 and Fig. 19 show the surface morphologies of SLM as-built
series and SLM as-built + SSP after the potentiostatic polarization
tests. In the case of the SLM as-built samples, local pits were observed at
the grain boundaries (GB), whereas cells interiors and cellular bound-
aries remained practically intact, as can be seen in Fig. 18(a) and (b).
However, after applying the SSP, micro-pitting nucleated to be the one
of the main corrosion mechanisms and consequently, cells interiors were
highly attacked, Fig. 18(d). It is important to highlight that cellular
substructure became nearly invisible after the SSP, and twinning are
now clearly visible (Fig. 18(c)). In a previous work, J. Sun et al. [12] also
reported that deformation twins and dislocation break the cellular walls
promoting the imperfect cell structure in a selective laser melted 316 L
stainless steel submitted to ultrasonic severe surface rolling (USSR). In
this study, the cell size was reported to be 449 nm. Nevertheless, after
the applied severe plastic deformation, USSR showed a nanostructure
with a grain size of 86 nm, resulting in a refined microstructure near the
surface layer. In the present study, with 12 A intensity and 3000 %
coverage (SSP), grain structure is refined to 50 nm in the upper layer
(Fig. 6(d)). Thus, the induced grain refinement level was notably higher
than cellular structure size (~400 nm, Fig. 2(f)). This factor along with
the high-stress level led to a decrease in the passive film CroO3 content
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and then, passive film stability was jeopardized.

To better observe the appearance of the corroded surface, sample’s
topography was also analyzed by means of the confocal microscope. We
also observe that corrosion attack occurr severely along the MPBs in the
SLM as-built + SSP samples (Fig. 19¢). As can be seen in Fig. 20, due to
the severe bombardment, the high-energy transmitted onto the steel
surface seems to promote decohesion along the MPBs, in comparison to
the un-peened one (SLM as-built). This phenomenon contribute to
trigger pitting corrosion along the MPBs. These factos play a crucial role
in accelerating the passive film destruction, when SLM as-built series
was also submitted to SSP. The atomic arrangemement is disordered at
the MPB, which was an important cristal defect, likely due to the local
variation in elemental distribution, porosity and residual stresses [48,
51]. The high-energy transmitted by the SSP could generate a local
surface stress gradient at the MPB, which caused the MPBs to have
higher interfacial free energy. The stress distribution at the MPBs was
uneven and interfaces decohesion happen. The higher free interfacial
energy seems to be beneficial to ion chemisorption and then, to decrease
passive film stability in series submitted to SSP.

5. Conclusions

In this work, the microstructure and corrosion behavior of selective
laser melted 316 L samples were systematically studied. Results are
compared to those obtained in the wrought + annealing 316 L. The
severe shot peened response of the additively manufactured 316 L
austenitic stainless steel was also analyzed.
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e Different from the typical microstructure of equiaxed grain of
wrought + annealing 316 L, SLM 316 L (as-built) consists of finer
grains and sub-grain boundaries. CSP and SSP produce a gradiente
surface layer. In the case of the SSP (12 A and 3000 % coverage), the
gradient is thicker and the top surface layer has a nanostructure with
an average grain size of 50 nm. The absence of strain-induced
martensite was confirmed, even after the SSP treatment.

e The corrosion property of 316 L ASS in 3.5 wt% NaCl could be
improved by the SLM process. Both the SLM (as-built and as-built +
SSP) and wrought + annealing series composed of Fe3Os3, CroO3, as
well as some amorphous hydroxide Cr(OH)s. A large number of sub-
grain boundaries and the high dislocation density induce the for-
mation of a thicker and more compact passive layer on SLM 316 L
(as-built). SLM as-built series had a greater fraction of stable oxide
Cry03 than wrought + annealing series.

o In comparison to the SLM as-built series, the passive film thickness
and pitting potential decreased after the SSP treatment. Due to the
severe bombardment with 12 A and 3000 % coverage, micro-
galvanic corrosion is mainly encouraged along the MPBs, resulting
in a less pitting corrosion resistance. Anywise, general corrosion
resistance of SLM as-built + SSP was also higher than that found in
the wrought 316 L ASS.

To conclude, the results indicate that SSP promoted deeper grain
refinement, increased hardness and led to higher and deeper residual
stresses. Although the corrosion response of the SLM as-built submitted
to severe plastic deformation was greater than that observed in the
wrought 316 L steel, authors have planned to analyze and report
corrosion response of SLM 316 L subjected to conventional shot peening
treatments in further publications.
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