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Abstract: Surface quality and dimensional tolerances of the selective laser melting (SLM) process are
not good enough for many industrial applications and grinding as a common finishing process intro-
duces many surface modifications. Investigation on the effect of grinding induced surface residual
stress (RS) on early stages of stress corrosion cracking (SCC) of SLM manufactured 316L austenitic
stainless steel was conducted. Potentiodynamic and galvanostatic tests in a 3.5% NaCl aqueous
solution, XRD, SEM and energy-dispersive X-ray spectroscopy (EDX) analysis were performed. For
annealed and specimens with a low RS magnitude, the dominant observation was pit initiation
from existing pores and growth in the build direction. For specimens with medium RS level, SCC
initiation from pore sites and propagation along melt pool boundaries and for specimens with the
highest detected RS, crack initiation from melt pool boundaries, grains, machining marks, and pore
sites were observed. Cracks propagated in different directions, i.e., along melt pool boundaries,
near-surface transgranular, and transgranular through columnar microstructure. Galvanostatic tests
showed three distinctive regions that corresponded to crack and pit initiation and growth. The
synergistic effect of high dislocation density along melt pool boundaries, stress concentration in pore
sites, molybdenum segregation, and surface RS was the cause of SCC susceptibility of specimens
with high RS magnitude.

Keywords: stress corrosion cracking; selective laser melting; machining; residual stress; corrosion
behavior; austenitic stainless steels; additive manufacturing

1. Introduction

Selective laser melting (SLM) is one of the additive manufacturing (AM) methods that
have been widely used for the manufacturing of metallic components with complex geome-
tries [1,2]. High heating and cooling rates, due to the interaction of a highly concentrated
laser beam with the micro-sized particles, coupled with the thermal effects of previously
manufactured layers, leads to the formation of a unique columnar-hierarchical and highly
textured microstructure, which is different from other traditional manufacturing methods
such as casting and forging [3,4]. Various parameters, such as laser power, the thickness of
each layer, scanning speed, hatch spacing, scanning pattern, etc., can significantly affect the
microstructure and quality of manufactured parts [5-9]. During the past decade, extensive
efforts have been made to reduce metallurgical defects such as entrapped gas, not melted
particles, micro-cracks, balling, and oxidation to enhance the mechanical characteristics
and to obtain the quality of the manufactured parts by the SLM process that required for
industrial needs [9-12]. Despite all these efforts, corrosion mechanisms and the probability
of stress corrosion cracking (SCC) in SLM manufactured parts after final processing with
other manufacturing methods is one of the research topics that need more clarification.

SCC is caused by the synergistic effect of tensile stresses, susceptible material, and
a critical environment [13]. Reported issues of the SLM method which may affect corro-
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sion resistance include, but are not limited to, the presence of microsegregation of alloy-
ing elements, porosities, anisotropy, surface roughness, inclusions, and residual stresses
(RS) [14,15]. Pores could be present in SLM manufactured parts as a result of entrapped
gas during the process near un-melted particles. Over the past decades, it has been fully
understood that pores are the places for the accumulation of aggressive ions which form
a local aggressive environment that causes the breakdown of the passive layer and the
occurrence of pitting corrosion. However, in the presence of tensile stresses, corrosion-
induced defects such as pits could also act as precursors for SCC initiation as a result of
stress concentration [16,17].

The surface roughness of most AM methods, and more specifically the SLM method,
is much higher than other traditional manufacturing processes such as milling and grind-
ing [18,19]. Thus, a secondary process such as selective laser re-melting, shot-peening,
sandblasting, or other more controllable methods such as grinding and/or milling, is
necessary to increase surface quality and geometrical tolerances [20,21].

Grinding and machining processes in general involve substantial plastic deformation
due to the metal removal. As a consequence of the high plastic deformation, other effects
that have a great influence on corrosion behavior of Austenitic Stainless Steels (ASS) occur,
i.e., strain-induced martensitic phase transformation [22], a high magnitude of tensile RS
on a very thin layer on the surface [23-26], and other modifications [27]. Over the past
decade, many researchers have investigated different aspects of the effect of machining
on SCC and pitting susceptibility of ASS. It is well-reported that a higher magnitude of
RS makes the surface more susceptible to SCC occurrence [28-32]. On the other hand,
recent investigations reported that tensile RS has no direct effect on SCC of ASS made by
manufacturing methods such as hot or cold rolling and it only makes the surface more
active compared to annealed specimens. This higher activity results in a more favorable
initiation of corrosion pits on the surface that could act as stress concentration sites and
precursors for SCC initiation under working loads [33-35].

Until now, the relationship between the machining induced modifications, more specif-
ically surface RS magnitude with the corrosion behavior and SCC susceptibility of SLM
manufactured parts, have not been well-investigated. There are limited research resources
and a lack of data about the interaction of surface modifications induced by machining
processes with intrinsic microstructure and defects of the SLM process. This paper aims to
clarify the effect of grinding-induced RS on corrosion behavior and SCC susceptibility of
SLM manufactured specimens after grinding with different process parameters.

The first part of the current study is addressed to the analysis of as-received SLM
specimens to attain enough primary knowledge about the possible microstructural defects
of the samples under testing. In the second part, the corrosion behavior of the machined
specimens with various process parameters was investigated for an in-depth understanding
of the effect of surface modifications on overall corrosion susceptibility. The third and
the last part is dedicated to the investigation of the machining-induced RS effects on
SCC susceptibility and crack initiation mechanisms of annealed and ground specimens.
Specimens were analyzed with a scanning electron microscope (SEM), X-ray diffraction
(XRD), and energy-dispersive X-ray spectroscopy (EDX) to gain a better understanding of
SCC susceptibility and related mechanisms of crack initiation.

2. Materials and Methods
2.1. Specimen Preparation

Specimens were made from EOS 316L austenitic stainless-steel powder with a chemical
composition corresponding to ASTM F138 “Standard Specification for Wrought 18Cr-14Ni-
2.5Mo Stainless Steel Bar and Wire for Surgical Implants (UNS S31673)” [36]. They were
manufactured with an EOSINT M280 machine (EOS GmbH, Krailling, Germany) with a
Yb-fiber laser with a maximum power of 200 W. The process parameters used for the exper-
iments were provided by the manufacturer of the SLM machine (EOS GmbH, Krailling,
Germany) for 316L stainless steel. The SLM process took place under a controlled atmo-
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sphere with high purity Argon gas to reduce the effect of oxidation on the microstructure
of the specimens. The chosen dimension for the specimens was 10 mm x 25 mm with a
thickness of 9 mm, after cutting with a wire cut machine from the platform. Following
the SLM process, samples were solution annealed in an Argon-controlled atmosphere at
1050 °C for 30 min and air quenched, to reduce the thermal RS produced by the SLM
process and to avoid any possible sensitization effects.

In order to choose the combination of various grinding parameters to produce almost
the same surface quality, 10 preliminary specimens were ground with changing grinding
parameters such as feed rate, rotational speed, and depth of cut. Surface roughness was
measured on each condition and the results showed that with a constant rotational speed
and feed rate, and changing the depth of cut, it was possible to obtain almost the same
surface roughness of R, = 0.25 um with negligible variation and different magnitudes of
tensile residual stresses on the surface.

Specimens were ground with a grinding wheel with a grit size of 80 on a flat grinding
machine with a constant rotational speed of 5000 rpm with three different depths of cut
of 30, 60 and 90 pm. The chosen process parameters introduced different RS magnitudes
with almost the same surface condition as explained before. After each grinding process,
the grinding wheel was cleaned and flattened with special high strength steel (HSS) tool
attached to the machine. The process included coolant media to reduce the thermal effects
of the grinding process on the samples. All the specimens were cleaned ultrasonically and
washed with ethanol in order to remove any contamination from the surface. To give the
same surface roughness during the corrosion and SCC susceptibility tests, specimens that
were analyzed as annealed samples were also ground with the lowest depth of cut and
then annealed with the same procedure for accurate comparison of the results with the
data obtained from ground specimens under the same surface roughness.

2.2. Residual Stress Measurement

The X-ray diffraction (XRD) method was applied for RS measurement on the surface.
Surface grinding produces tensile RS and the highest magnitude is on a very thin layer
about 10 to 50 um, on the surface [32]. The XRD method has a depth of penetration within
the same range for austenitic stainless steels [37]. Moreover, measuring RS with the XRD
method is sensitive to surface conditions. Roughness for the ground specimens was good
enough to produce reliable results from the XRD measurements. For as-built specimens,
the electropolishing method was used to remove a thin layer from the surface to lower
surface roughness and for successful RS measurement. The guideline adopted for RS
measurements with the XRD method was the National physical laboratory (NPL) good
practice no.52 for all the specimens [37]. A Spider TM X GNR portable diffractometer
working at 30 kV and 90 pA was used for measurements with a radiation source of
Chromium with a K filter of Vanadium. The sin? (1)) method was adopted with 9
angles between 0° and 43°. The austenite peak {311} was set for the diffraction peak. The
RS was measured in 3 different positions on each specimen. These positions were marked
before measurements and the RS was measured in the longitudinal direction, parallel to
machining marks on the XY plane transverse to the SLM build direction.

2.3. Corrosion and SCC Susceptibility Tests

For all the electrochemical tests, the electrolyte was 3.5% sodium chloride solution
in distilled water at room temperature. The surface in contact with the solution for the
electrochemical measurements was a circle with a diameter of 6 mm for all the specimens.

Potentiodynamic polarization measurements were performed with an Amel 2549 in-
strument as described in ASTM G 59-97 standard with the three-electrode method [38].
Platinum mesh as counter electrode and saturated calomel electrode (SCE) as reference
electrode was used. The potential measurements were performed between —250 mV below
and 1000 mV higher than the open circuit potential with respect to the Calomel electrode
potential (VSCE), with a scan rate of 0.5 mV pers.
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Galvanostatic tests were done for accelerated SCC susceptibility investigation. The
current used for the galvanostatic measurements was 0.001 mA. This current was chosen to
have a more aggressive condition for investigation of SCC susceptibility of the specimens
and to be almost in the same trans-passive region for all the specimens with different
RS magnitudes. During the galvanostatic tests, specimens with similar RS magnitude
were tested with different immersion times for a better understanding of the evolution
of the possible cracks. For each similar range of RS magnitudes, both Potentiodynamic
polarization measurements and galvanostatic tests were performed at least 2 times to
ensure the reproducibility of the analysis data. After Galvanostatic SCC susceptibility tests,
specimens were analyzed by optical microscope, Scanning Electron Microscope (SEM),
and Energy Dispersive X-ray Microanalysis (EDX) methods. Specimens were initially cut
cross-sectionally in the direction of the machining marks, i.e., the longitudinal direction in
which RS measurement was performed, from the observed surface corrosion defects.

2.4. Microstructural and Chemical Characterization

Microstructure, compositional mapping, surface roughness measurement, and melt
pool measurements of the as-built specimens were first analyzed to give a better under-
standing of the SLM process effects on different aspects of manufactured specimens. For all
the ground specimens, after SCC tests, a precise initial cutting from the observed surface
defects and further polishing with caution according to the metallographic sample prepa-
ration procedure, up to 0.05 um aluminum oxide suspension, was performed. A Leica
Cambridge LEO 440 SEM machine in secondary electron mode with an accelerating voltage
of 15 keV was used for all SEM microstructural analysis. EDAX (AMETEK Materials
Analysis Division, Mahwah, NJ, USA) energy dispersive X-ray microanalysis (EDXMA)
was used for EDX compositional mapping of the as-built specimens. The analysis was
also performed to check for possible compositional variation near corrosion defects after
SCC tests. Moreover, a Leica DMRE optical microscope coupled with image analysis
software (Image ] V1.53, National Institute of Health, Gaithersburg, MD, USA) was used to
quantify the porosity, surface roughness, and to perform the microstructural analysis of the
as-built specimens.

3. Results and Discussion
3.1. SLM Specimen Characterization

The cross-sectional optical image of the as-built specimen with the corresponding
measured melt pool size is presented in Figure 1. As shown in Figure 1b, the average
melt pool height was 54.5 um with a semi-elliptical shape, which shows the typical radial
heat transfer from the laser incident point [39]. The height of the melt pool is the evidence
of the thickness of the layer used for each SLM process. Pore density measurement on
the surface of the specimen showed that the porosity density is low, and the specimens
were almost full density. Figure 2 shows the surface optical image of the as-built specimen
and the corresponding pore density measurement. Most of the pores were small except
for a few big ones and, due to their circular shape, they were formed as the result of
entrapped gas inside of the layers during the manufacturing process. Moreover, in Figure 3
the surface roughness analysis of the barrier of the specimen is displayed with measured
roughness values, skewness, and Kurtosis vs. the profile length. A 2-mm length of the
sample was analyzed. Two image values did not evolve during the measurements. The
surface roughness R, value was measured as 14.75 pm with a kurtosis value of Rku =2.55
and skewness of Rsk = 1.54. As a reference, for a normal distribution of the data, the
kurtosis value should be three and skewness should be zero. In Figure 3b it is evident that
the high Kurtosis is related to tail distributed values. Moreover, a positive skewness is
related to the non-symmetric distribution of the highs and lows in Figure 3a. High R, value
shows that the surface roughness is not good and using a secondary finishing process is
crucial to obtain a better surface quality.
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Figure 1. Selective laser melting SLM processed specimens melt pool size (a) cross-sectional optical image in build direction,
melt pools shown with red line (b) mean apparent melt pool height vs. number of melt pools (# is the number of melt pool).
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Figure 2. Pore density measurements (a) surface optical image (b) corresponding pore density vs. analyzed surface (# is the
number of pores observed).
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Figure 3. Surface roughness analysis (a) cross-sectional optical image of the surface in build direction (b) surface roughness
values vs. analyzed length.

Figure 4 shows the cross-section SEM images of as-built SLM specimens with different
magnification and SEM-EDX mapping of the chemical composition in different positions.
As shown in Figure 4b,c both hierarchical and fine columnar microstructure with small
spherical pores were observed. The columnar grain growth was continued between two
neighbor melting pools and, inside of grains, sub-micron scale cellular dislocation networks
were also detected. The dominant structure of as-built specimens was hierarchical, and
the overall microstructure was fully austenitic with almost full density. There were also
inclusions present in the microstructure, as shown in Figure 4c, which is mostly related to
oxide inclusions through the process.
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Figure 4. (a) Cross-sectional SEM analysis, yellow rectangle corresponding to the region magnified (b,c) the hierarchical

and fine columnar microstructure with a few small pores and inclusions. SEM-energy-dispersive X-ray spectroscopy (EDX)

mapping of the chemical composition for the corresponding yellow rectangle shown for Cr, Mn, Mo and Ni elements,

showing well distributed alloying elements. Red starts corresponding to place where point EDX analysis were done and

summarized in Table 1.

Table 1. EDX-SEM compositional analysis (wt.%) of the regions shown in Figure 4b (standard
deviation 0.3-0.5 wt.%).

Element Region1(%) Region2(%) Region3 (%) Region4 (%) Region5 (%)

Mo 2.2 24 3.3 34 2.1
Cr 18.3 18.5 18.7 18.2 18.5
Mn 1.6 1.9 1.8 1.9 1.7
Fe bal. bal. bal. bal. bal.
Ni 13.90 13.54 13.70 14.14 13.89

During the solidification of each melt pool, the cooling rate has a great influence on
the grain size and morphology of the microstructure. Discrete and fine needle-shaped
microstructure in some regions is a product of high cooling as reported by Qiu et al. [40].
The SEM-EDX mapping results showed that there were no dramatic chemical composition
variations in microscale and as-built material was almost homogeneous and fully austenitic.
The only observed compositional variation was related to Molybdenum. Moreover, to gain
a better quantification of the chemical composition changes, five regions were chosen for
EDX analysis, as marked in Figure 4b. The results are summarized in Table 1. Mo weight
percentage was lower by a maximum of 0.7 wt.% difference from the melt pool boundary
to near the melt pool region that showed a compositional variation of Mo along the melt
pool boundaries. For other elements, the change in weight percentage in different areas
was negligible.
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3.2. Residual Stress Analysis

RS measurement of as received and ground specimens with the corresponding depth
of cut is summarized in Table 2. Due to the high surface roughness of the as-received
specimens, data scattering was observed during RS measurement. The RS of the as-built
specimens was measured on the last built surface of the samples. The measured stress was
130 £ 9 MPa in compression in the longitudinal direction. After the solution annealing
of the as-built specimens under a controlled Argon atmosphere, the RS magnitude on
the same measured point was 65 + 12 Mpa in compression. This showed that, after
annealing, the compressive RS of the specimens lowered and, because of air quenching
(to avoid sensitization), thermal stresses formed in the samples, and the sum of thermal
tensile RS and previous compressive RS were again in compressive form but with much
lower magnitude.

Table 2. XRD residual stress measurements for annealed and ground specimens with various depth of cut (RS; Resid-

ual Stress).

No. 3 4 5 6 7 8 9 10 11

RS (MPa) 207+5 203+6 306+5 310+3 328+5 411+6 463+9 465+3 —130+9  —65+12
Depth of 30 60 60 60 90 90 90 As built Annealed
cut (um)

Grinding introduced tensile RS on the surface for all the specimens with different
depths of cut. As reported by many researchers, the presence of tensile RS on the surface of
the specimens is due to the heavy plastic deformation, metal removal from the surface, and
the high thermal gradient caused by the friction of the grinding wheel with the specimen
surface [24,25,41]. RS measured was higher for the specimens with a higher depth of cut.
During the measurements along the surface of each specimen, a slight difference in RS
magnitude was observed, but for all specimens and on all measurement points, the stress
was tensile.

3.3. Corrosion Behavior through Potentiodynamic Polarization Tests

Potentiodynamic polarization tests were performed in 3.5% sodium chloride aqueous
solution at room temperature to understand the effect of machining induced surface RS
on the active—passive behavior of the SLM manufactured specimens. Tests were done on
both annealed and ground specimens and the only changing parameter between different
specimens was the magnitude of RS. The Potentiodynamic polarization curves measured
during the tests are shown in Figure 5. Corrosion potential and corrosion current density
were almost the same for specimens with different RS magnitudes with slightly higher
potential for the specimens with higher RS. Pitting potential decreased from 595 mVgcg
for annealed specimens to 402 mVgcg. For the specimens with the highest tensile RS of
466 MPa. Moreover, in specimens with higher RS magnitudes, the passivation region of the
polarization curves was unstable and there were many sudden increases in current density
and returning to a lower amount. The instability of the passive region was also observed
in annealed specimens and increased in number and potential range for specimens with
higher RS magnitudes. High instability potential for the specimens with 306 MPa and
465 MPa tensile RS was around 160 mVgcg and for specimens with 203 MPa tensile RS was
358 mVSCE.

Pitting susceptibility is reported to be sensitive to various parameters such as sur-
face roughness, surface impurities, and defects [32,42], but in the current investigation,
the process parameters of grinding were the same for all the specimens and the surface
roughness was the same with minor variations. Moreover, one of the main characteristics
of the SLM manufacturing method is the elimination of MnS inclusions as a result of
high solidification rates [43,44]. In addition, the intrinsic fine microstructure of the SLM
method leads to undemanding diffusion of Cr to the surface that makes the formation
of the oxide layer on the surface more uniform and compact and enhances the overall
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corrosion resistance compared to other methods [45-47]. On the other hand, all specimens
were manufactured with the same SLM process parameters that make the pore density the
same for all specimens.

800 4
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400
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= 1
E 200
©
£
g 07
[o]
a
-200 4
Annealed
-400 ——203 MPa
— 306 MPa
-600 - 465 MPa

108  10° 10 10° 107 107 10° 101 102

Current density (mA/cm?)

Figure 5. Potentiodynamic polarization measurements for specimens with different residual
stress magnitude.

None of the mentioned parameters could be the reason for the reduction in pitting
resistance for specimens with higher RS magnitude. Thus, the only parameter left that
could explain the observed experimental results is the variation of RS through specimens
which has a remarkable effect on the corrosion behavior.

The formation and dissolution of the passive layer take place simultaneously [48-51].
When the rate of dissolution is higher than the formation rate, the breakdown of the passive
layer occurs in the areas with higher disorders. The factors that contribute to increasing the
rate of dissolution are the straining of the metal, thermal stresses, turbulence fluid flow
during melting and solidification, and susceptible surface defects. Local layer dissolution
occurs due to the chemical reactions between the passive layer and aggressive chloride
ions in the solution. In the absence of applied or residual tensile stress, the passive layer
gradually continues to become thinner and, finally, the breakdown occurs. Thus, the
breakdown could take a long run owing to the simultaneous formation of the layer. On the
other hand, in the presence of tensile stresses on the surface, mechanical rupture occurs
on the passive film after the dissolution of the layer reaches a critical thickness which
plays a vital role in the breakdown of the passive layer on the surface. Consequently, a
higher magnitude of tensile stresses means that mechanical rupture can occur at higher
thicknesses which makes the surface more vulnerable to SCC and pitting occurrence in
lower dissolution rates. In the opposite case, for the presence of compressive stresses,
the layer dissolves until the complete breakdown of the layer. Then, elastic or plastic
(depending on the magnitude of compressive stresses) movement of adjacent atoms due to
compressive stresses around the broken point leads to self-healing of the surface. Therefore,
during the Potentiodynamic polarization tests, pitting potential is much lower for the
specimens with higher tensile RS and stable pitting occurs at lower potentials. Over the
past years, many researchers reported the same effect in the presence of compressive RS
which can slow the breakdown of the passive layer and pit/crack initiation [52-55].

3.4. Galvanostatic Behavior

Galvanostatic tests were performed to investigate the effect of grinding-induced RS
on SCC susceptibility by accelerating corrosion attack on the surface. For each group of
specimens with similar surface RS magnitude, the tests were conducted with different
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immersion times to detect the evolution of SCC initiation and propagation. As explained
before, galvanostatic tests were done with a current density of 0.003538 mA / Cm? (current
of 0.001 mA on a surface with a diameter of 6 mm) and results are shown in Figure 6. The
maximum detected potential for annealed specimens was 559.7 mV, and samples with
207 MPa stress levels were quite similar to annealed specimens with a potential of 553.4 mV.
The maximum potential was much lower for specimens with a higher RS magnitude.
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Figure 6. Galvanostatic results for specimens with different residual stress (RS) magnitudes showing
3 distinctive regions (a) the whole test time (b) the first 200 s.

For all specimens with different stress levels, the potential dropped dramatically after
a definite period. The time before the first drop in potential was much longer for the
annealed and 207 MPa specimens than 310 Mpa and 460 Mpa specimens. For annealed,
207 Mpa and 310 Mpa specimens, a further significant potential drop was observed. After
that, the potential stabilized. Instead, for the 460 Mpa specimen, after the first potential
drop, the potential continued to exhibit a metastable behavior that is visible in the figure as
a strong oscillation of the potential. The metastable potential for specimens with 217 Mpa
was lower than for annealed specimens. Moreover, the potential of the metastable region
was much lower for specimens with a higher RS magnitude. Specimens with 460 MPa RS
showed longer metastable behavior with lower peaks during the final minutes of the test.
The presence of three distinctive regions is clear from the galvanostatic data. The potential

and duration for each region with the corresponding RS magnitude are summarized in
Table 3.

Table 3. Potential and duration of different stages during galvanostatic measurements for various RS magnitudes.

Stage 1 Stage 2 Stage 3
Residual A A A
Stress (MPa) verage . verage . verage .
Potential (mV) Duration (s) Potential (mV) Duration (s) Potential (mV) Duration (s)
Annealed 559 + 8 51 —165+5 639 —951 + 10 510
207 553 +9 78 —461 + 10 749 —988 + 12 373
310 141 + 6 5 —227+8 34 —876 +9 1161
460 195 + 4 3 —211+7 18 —-913 + 11 1179

The galvanostatic behavior of the analyzed samples can be divided into three regions
as illustrated in Figure 7: incubation, metastable and stable regions. For annealed and
specimens with low RS magnitude, the incubation region was much longer compared to
higher RS cases. For specimens with RS levels lower than a critical amount, the stress
level is not enough for the activation of the mechanical rupture of the passive film. In
this case, pitting corrosion occurs because of the thinning of the passive film due to the
dissolution of the passive film. Thus, it takes more time compared to the condition with
the presence of high RS for the breakdown of the passive layer. Another important reason
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for the shorter incubation time exhibited by specimens with high RS magnitude is related
to the early stages of SCC initiation. New surfaces of cracks at the initiation stage were
not protected by a passive oxide layer which accelerates the corrosion attack and leads to
shorter incubation time. In the specimens with higher RS magnitude, longer metastable
behavior is due to the simultaneous occurrence of SCC propagation and pitting corrosion.
In the stable region, corrosion attack continues without a barrier for all specimens with
different RS magnitude, and the activation potential needed for the corrosion attack is
much lower than the potential at the beginning of the galvanostatic measurements. This
could be as a result of complete dissolution of the machining affected layer in local places
and reaching the thickness of the pits to the base metal. Thus, the corrosion behavior
detected was almost the same for all specimens. In the previous investigation on rolled and
machined sheets of 316L. Austenitic stainless steel, the same behavior was detected [35],
which shows that after passing the machining-affected layer the corrosion behavior is the
same for all specimens irrespective of surface RS magnitude.

1M an (o

N
T —

Potential (mV) vs VSCE

r T T
Duration {Second)

Figure 7. Schematic figure with corresponding stages of galvanostatic tests for specimens with
different residual stress magnitude. Region 1 is the incubation region, region 2 is metastable pitting
and SCC initiation and region 3 is the stable pitting and SCC propagation region namely. The
duration and potential of each region vary with the variation of tensile RS on the surface.

3.5. Microstructural Analysis
3.5.1. Machining Surface Analysis after Galvanostatic Tests

Figure 8 shows the surface of the specimens after 200 s of Galvanostatic tests. As
shown in the figure, there was no sign of cracks on the surface of all the specimens. The
main difference between specimens was the density of small pits, which is higher for the
samples with higher RS magnitude. The surface analysis showed that new pits formation
inclined to initiate in the machining direction, whereas the annealed samples did not follow
this trend and pits were concentrated in local places. Overall, pit density was higher
in specimens with higher RS magnitudes. For annealed specimens, pitting was mostly
limited to fewer sites and, over time, the growth was in the same local points. For a longer
immersion duration, initiated pits grew on the surface for all specimens, as shown in
Figure 9.

3.5.2. SCC Initiation

SEM cross-section analysis of the specimens with different RS magnitudes took place
after various immersion times. Specimens were further analyzed by terminating the test
in different time steps and investigating the cross-sectioned surfaces. The duration of the
galvanostatic tests before SEM analysis was based on observed changes in potential vs.
time figures. The analysis revealed a complex interaction of the RS magnitude with the
morphology of cracks during SCC initiation stage. Figure 10 shows the cross-section of
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the annealed and 207 MPa specimens after different immersion times. The main corrosion
form was pitting, and pits showed the tendency to grow in the build direction which agrees
with surface microstructural images.

Figure 8. Surface optical images after 200 s of Galvanostatic testing in 3.5% sodium chloride aqueous
solution for (a) annealed (b) 207 MPa (c) 310 MPa (d) 460 MPa.

Figure 9. Surface optical images of the surface after 1000 s of Galvanostatic test in 3.5% sodium
chloride aqueous solution for (a) annealed (b) 207 MPa (c) 310 MPa (d) 460 MPa.
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Figure 10. SEM image of specimens (a) annealed after 70 s (b) annealed after 700 s (c) 207 MPa RS magnitude specimen
after 120 s and (d) after 1000 s showing the tendency of pits to grow in the build direction instead of longitudinally for
annealed specimens and increasing the depth of surface pits for the 207 MPa sample.

Interesting results were revealed for specimens with higher RS magnitude. For both
310 MPa shown in Figure 11 and 460 MPa specimens shown in Figure 12, SCC cracks were
detected. In the specimens with 310 MPa RS magnitude, cracks were initiated from small
pits that were the place of existing porosities and grew along the melt pool boundaries,
as shown in Figure 11b. For specimens with 460 MPa RS, the situation was more intense,
and cracks were initiated along multiple directions i.e., melt pool boundaries, near-surface
parallel to the surface of the specimen and transgranular cracks. Moreover, at high RS
magnitudes, the initiation of the cracks was not limited to surface pits. Existing pores and
melt pool boundaries on the surface also activated as precursors for SCC initiation, as
shown in Figures 12 and 13.

Since in the author’s previous investigation, cracks were not detected in even high
RS magnitudes in cold rolled sheets after grinding [35]; to understand the reasons for
the detection of SCC cracks in SLM specimens with high RS, it is important to consider
the synergistic effect of various factors. First, the intrinsic pores on the surface of SLM
specimens act as stress concentration sites in the presence of tensile stresses and this causes
higher stress levels within pores [56,57]. Higher tensile stress magnitudes lead to higher
stress intensity in pore sites and these zones become more prone to SCC.

Second, SCC initiation and growth are related to the inherent microstructure of the
SLM process due to the Marangoni effect and highly concentrated melting and solidification
of the melt pools [58,59]. In the current work, galvanostatic tests combined with SEM cross-
sectional analysis showed that SCC cracks initiation and propagation occurred within a
short period along the melt pool boundaries. Figure 13 shows SCC cracks with higher
magnification for specimens with 460 MPa tensile RS, which is the clear evidence for
brittle fracture of the material along the melt pool boundaries, without any sign of ductile
fracture. In contrast, heat flow direction during the solidification of each melt pool leads to
directional grain growth that introduces thermal RS through the solidification. Excessive
cooling rate combined with directional solidification and thermal RS produces a high
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density of dislocations along the melt pool boundaries as investigated by Lou et al. [60].
Higher dislocation density along the melt pool boundaries leads to higher vulnerability
of these sites to SCC initiation and propagation and this leads to a preferential path of
crack propagation along melt pool boundaries. From the experimental data obtained in
this investigation, it is apparent that for higher Tensile RS magnitudes these sites could be
activated as SCC crack initiation places.

Figure 11. SEM Images of specimens with 310 MPa RS magnitude at different immersion times
and magnifications (a) after 150 s showing the initiation of the crack from surface pits shown in red
circle and crack initiation shown with red arrows (b) after 400 s with the evidence of stress corrosion
cracking (SCC) propagation along the melt pool boundaries and dominant surface pores and pits as
precursors for SCC initiation shown in red arrows (c,d) crack propagation in early stages of corrosion
attack on the surface with higher magnification showing selective corrosion and SCC attack along
the columnar grains and melt pool boundaries which is shown in elliptical red zones.

Third, strain-induced martensite and nanocrystalline grain structure on the surface—
as a result of the grinding process—leads to even higher surface susceptibility to the
corrosion attacks and SCC initiation [32,61]. This means that the machining affected layer
is brittle compared to the base metal and the distance needed for crack initiation is lower
because of nanocrystalline microstructure. Hence, it is apparent from the explained factors
that higher tensile RS magnitude could dramatically increase the risk of crack initiation in
SLM specimens after grinding.

The question that has remained unanswered is the priority of the cases as a function of
stress magnitude. From the SEM images shown in Figures 11 and 12, it is apparent that the
stress concentration sites are the first sensitive local places for the SCC initiation, and in the
case of higher tensile RS conditions, other sites are also activated. As shown in Figure 11,
for specimens with RS magnitude of 310 MPa, cracks initiated mostly from pores and
machining defects, but for specimens with a higher RS of 460 MPa in Figures 12 and 13,
cracks also initiated from melt pool boundaries on the surface. This demonstrates that, in
the presence of tensile RS on the surface, the first vulnerable places for SCC initiation are
the pore sites and the surface defects induced by machining. Melt pool boundaries are
activated as preferential sites for SCC crack initiation at higher stress magnitudes.
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Figure 12. SEM images of specimens with 460 MPa RS magnitude with various immersion times (a) early stage of corrosion

attack after 100 s showing micro pitting shown with red arrows inside of the primary pit and SCC initiation along the melt

pool boundaries (b) SCC initiation from the melt pool boundaries on the surface shown with arrows (c) highly cracked pit

surface after 250 s of immersion time with evidence of transgranular SCC beneath the surface which is shown with red

arrows, in the longitudinal direction, crack initiation from surface melt pool boundaries and propagation in both melt pool

boundaries and transgranular form (d) crevice corrosion from existing surface pore with the sign of transgranular SCC

propagation along the build direction and near-surface longitudinal direction.

3.5.3. SCC Propagation

As shown in Figure 12a,b the transgranular cracks were propagated in the columnar
microstructure of the specimens. The dominant crack propagation path for specimens with
high RS magnitude was in two main directions, along the melt pool boundaries and in the
longitudinal direction near the surface as shown in Figure 12b,c.

The crack propagation path during the early stages after SCC initiation could be
related to inverse segregation of Mo at melt pool boundaries reported in Figure 4 and
Table 1. This result is ascribable by solute redistribution during the solidification of each
melt pool as reported in recent investigations [40,62,63]. Further EDX analysis of regions
near to SCC cracks shown in Figure 13e,f and Table 4, make in evidences the slight Mo
segregation during the very rapid solidification. Since Mo is added to austenitic stainless
steels to improve the corrosion resistance of the active sites [64], inverse segregation of this
alloying element leads to a lower corrosion resistance at the melt pool boundaries. As a
result, the melt pool boundaries are sensitive areas for selective corrosion attacks and SCC
initiation and propagation. In the presence of high tensile RS, cracks propagated along the
melt pool boundaries.

However, in the specimens with 460 MPa stress, transgranular SCC was also observed
and propagation was favored through the grains rather than along the grain boundaries.
Furthermore, as suggested by Spencer et al., propagation of SCC in transgranular form
occurs as a result of the generation of dislocations on slip planes followed by the pref-
erential oxidation of these slip planes and finally the brittle fracture of the oxides in the
presence of the critical stress magnitude [65]. Moreover, propagation of the existing cracks
through fine columnar grains is much easier compared to hierarchical grains and this
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leads to a preferential transgranular SCC propagation along fine columnar grains for SLM
manufactured specimens. Figure 14 is an illustration of the events happening during the
SCC tests for different levels of RS that summarizes the overall relation of RS magnitude
with SCC initiation sites and propagation.

s 160 24 EN. 4.0 480 5.60 6.40 120 8.00 090 L7 250 i3 0 4% 570 6.50 730 810

Energy (keV) Energy (keV)

Figure 13. SEM images of specimens with 460 MPa RS magnitude after galvanostatic test condition with the immersion
time of 500 s; (a) backscatter electron mode image with clear evidence of SCC cracks along melt pool direction, transgranular
crack propagation, tearing due to high RS magnitude, and SCC branching in both melt pool direction and transgranular
form. (b—d) Secondary electron mode images with different magnifications showing SCC crack branching along the melt
pool boundaries (e,f) EDX-SEM analysis of the point shown on image (c) with red stars, showing slight segregation of
Molybdenum the near melt pool.

Table 4. EDX-SEM compositional analysis (wt.%) of the regions shown in Figure 13ce,f (standard
deviation 0.3-0.5 wt.%).

Element Near Melt Pool Boundary (%) Center of Melt Pool (%)
Mo 1.6 3.8
Cr 19.9 18.5
Mn 2.3 1.9

Fe 63.6 60.3
Ni 124 14.3
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Figure 14. Schematic illustration of pitting and SCC initiation and propagation for specimens with

different RS magnitudes showing preferential position and path for each level (I, II, III corresponding

to different stages of galvanostatic observed events).

4. Conclusions

The main objective of this paper was to investigate the effect of grinding-induced

tensile RS on the susceptibility of SLM processed 316L austenitic stainless steel to SCC. The
obtained comprehensive results are summarized as follows:

1.

Galvanostatic measurements showed three distinctive regions, namely incubation,
metastable, and stable regions, followed by a sudden potential drop on each stage.
There was a significant correlation between the measured RS magnitude and the time
and potential of incubation and metastable regions. For higher RS magnitudes the
potential drops occurred dramatically in a shorter period.

For annealed specimens and specimens with a low magnitude of RS, the dominant
corrosion defect observed was pitting without any sign of SCC.

For specimens with higher RS magnitudes, cracks were initiated from porosities,
machining marks, melt pool boundaries, and transgranular form within grains. The
most remarkable correlation was the priority of initiation sites with the magnitude of
tensile RS.

Cracks were initiated from surface pores for medium magnitudes of RS and melt
pool boundaries and machining marks for specimens with the highest measured
RS magnitude.

SCC propagation was along the melt pool boundaries that showed high susceptibility
of melt pool boundaries to SCC propagation followed by transverse propagation in a
longitudinal direction near to the surface and transgranular propagation.
Transgranular propagation in build direction was observed for specimens with high
RS magnitude that was mostly in the columnar microstructure.

High solidification rate and inverse segregation of Molybdenum along the melt
pool boundaries combined with the machining induced tensile RS lead to the high
susceptibility of SLM microstructure and especially melt pool boundaries to SCC
initiation and propagation.
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