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SCIENCE SECTION

Sensitization of 316L Stainless Steel
made by Laser Powder Bed Fusion
Addifive Manufacturing

John Snitzer* and Xiaoyuan Lou**

Additively manufactured (AM) 316L stainless steel (SS) manufactured by laser powder bed fusion (L-PBF) and wrought 316L SS were
subjected to sensitization heat treatments at 700°C up to 100 h. Using two evaluation methods, double-loop electrochemical potentiokinetic
reactivation (DL-EPR) and ditching tests, degree of sensitization (DOS) and intergranular corrosion (IGC) susceptibility was evaluated. It was
found that the wrought samples showed slightly lower IGC susceptibility compared to their AM counterpart. DOS and IGC attacks increased
with sensitization time for all samples. Dislocation cellular structures were found to have little to no impact on DOS and IGC for the AM
samples. Sensitized at 100 h, the AM sample showed significant Cr depletion along high-angle grain boundaries (12.35 wt% on average) and
exhibited Cr carbide precipitation. Mo-rich particles along grain boundaries were also observed. The DL-EPR test attacks the surface oxide
film and grain boundaries while the ditching test attacks the melt pool boundaries and grain boundaries (IGC and pitting). Changes to

the DL-EPR and ditching standards for AM application have been proposed in this work.

KEY WORDS: 316L stainless steel, additive manufacturing, carbide, double-loop electrochemical potentiokinetic reactivation, intergranular

corrosion, laser powder bed fusion, sensitization

INTRODUCTION

aser powder bed fusion (L-PBF) additively manufactured

(AM) facilitates the production of complex geometry parts
with minimal need for postprocessing. The layer-by-layer
approach of manufacturing allows for geometrical freedom,
enhanced performance, and reduced upfront production
costs." Realizing these advantages, industries such as nuclear,
aerospace, and medical have adopted the technology and
begun evaluating materials for specific applications. For non-
critical applications, AM parts may be used with no detrimental
effects; however, critical applications require extensive evalua-
tion before implementation. Traditionally, manufactured metals
have been studied for decades resulting in a significant knowl-
edge base. Unlike their wrought counterparts, AM materials
produce microstructures with heterogeneous and anisotropic
features such as porosities and columnar grains with small,
dendritic cellular structures forming within the grains.”® Many
of these features are caused by the extreme temperature
gradient that forms because of the localized heating from the
laser'™® and are heavily dependent on AM process para-
meters.®”’

Sensitization impacts alloys exposed to high tempera-

tures for prolonged periods of time and corrosive environments.

This phenomenon refers to the precipitation of Cr carbides
along grain boundaries (GB) within the temperature range of
500°C to 800°C. As a result of the diffusion of Cr, neighboring
GBs generally show Cr depletion thus making the material

susceptible to intergranular corrosion (IGC).28'° The alloys
with higher carbon content possess a great threat of sensitiza-
tion."” As such, low carbon materials such as AISI 316L
stainless steel (SS) (UNS S31603") have been developed to
minimize the impact. 316L SS is an austenitic steel widely used
for conditions where sensitization is concerning.’? In the tem-
perature range of 500°C to 800°C, M,3Cg tends to form along
high-angle GBs (HAGB) (boundaries with misorientation angle
>15°) with little to no carbides precipitating along coherent >3
twin boundaries within low-carbon austenitic SS."""*'® The
nucleation preference of HAGBs is due to the higher energy of
HAGBs compared to the lower misorientation angle boundaries.
Of the evaluation methods for the degree of sensitization
(DOS), two popular tests have emerged: double-loop electro-
chemical potentiokinetic reactivation (DL-EPR)'® and ASTM
A262"7 practice "A” (also called “ditching test” in this work).
DL-EPR tests have been extensively used for wrought aus-
tenitic SS'82" with Rebak and Dean'® showing a high degree of
repeatable and reproducible results among different testing
laboratories. Although DL-EPR has been used for wrought
materials, little work has been done on AM austenitic SS
outside of the work of Macatangay, et al.,'® Laleh, et al..’ and
Man, et al.,*2 where conflicting conclusions were noted.
Macatangay, et al.,'® found similar IGC resistance between AM
and wrought austenitic SS while Laleh, et al..® found the AM
material showed superior IGC resistance compared to its
wrought counterpart due to the high percentage of twin
boundaries. The ditching test has been used as a rapid screening
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SCIENCE SECTION

test for many years with Macatangay, et al.2'° dem-
onstrating its use for AM materials. The results showed that
AM materials in the as-built condition are highly susceptible to
corrosion attack by means of melt pool boundary rather than
GB attack. The limited knowledge of DOS in AM materials and
conflicting conclusions of previous work® %22 require further
investigation into the application and evaluation of the two
testing methods for AM materials.

The objectives of this work are two-fold. The study is to
provide further understanding into the use of different DOS
evaluation techniques when applied to AM austenitic SS and
evaluate the role of dislocation cellular structures on sensitization
kinetics of AM 316L SS. Due to AM 316 SS (both high and low
carbon variants) being used for intermediate or high-temperature
nuclear environments, it is essential to ensure current testing
methods are properly evaluating the material, otherwise, parts
may be evaluated with false negatives or worse, false posi-
tives. Another objective of this work is to generate DOS data of
both wrought and AM 316L and develop mechanistic under-
standings. Given the conflicting conclusions and lack of data,
additional research is required to evaluate AM 316L for critical
applications within the sensitization temperature range.

EXPERIMENTAL PROCEDURES

2.1 [ Materials and Manufacturing

Commercially available 316L SS powder manufactured by
nitrogen gas-atomization (Carpenter Powder Products) and
wrought 316L SS (Rolled Alloys, Inc.) were used in this work.
The chemical composition of the two materials used was
specified in Table 1. The 316L SS powder with an average size
of 15 ym to 45 pm was used to fabricate 1.0cm x 1.0cm x 1.0 cm
specimens with a Concept Laser Mlab LaserCusing®' system
with the following process parameters: 90 W laser power,
600 mm/s scan velocity, 80 pm hatch distance, and 25 pm
layer thickness. The process parameters were predetermined for
density greater than 99.7%."® The laser scan strategy con-
sisted of a continuous laser with a 90° rotation between layers.
The wrought material was received as 12.7 mm (0.5 in nomi-
nally) round stock in the solution annealed condition.

2.2 [Heat Treatment

Several sensitization heat treatments were applied to
both AM and wrought samples. Based on previous work, 81122
sensitization heat treatment at 700°C was chosen. The AM
samples were sensitized from the as-built condition at 700°C for
five different times: 0 h, 1 h, 24 h, 50 h, and 100 h. In addition to
these treatments, an as-built AM sample was heat treated at
1,038°C for 10 min to recover dislocation structures within the
material and subsequently heat treated at 700°C for 24 h. This
specific heat treatment was designed to evaluate the contri-
bution of dislocation cellular structures to sensitization kinetics.
The wrought material was sensitized at 700°C for 0 h and 24 h

T Trade name.

Table 1. Chemical Composition of As-Built AM and Wrought 316L SS in wt%

Element Fe Cr Mn Si Ni Cu Mo C N S

AM 316L Bal. 16.9 1.13 0.71 10.7 0.20 2.24 0.027 0.094 0.006

Wrought 316L Bal. 16.6 1.52 0.39 10.0 0.47 2.00 0.021 0.038 0.002
12,20,23

for comparison. All sensitization heat treatments were followed
with a water quench to prevent further sensitization during
cooling. A table with all the materials and heat treatments we are
found in Table 2.

2.3 | Material Preparation

To prepare the samples for testing, the AM parts were cut
using a Buehler Isomet 2000" Precision Cutoff Saw transverse to
the build direction. A 304L wire was spot welded on the back of
each sample and fed through a glass tube. The glass tube acts to
isolate the spot-welded wire from testing solutions and ensure
no corrosion occurs on the wire. The samples were then cold
mounted in Struers EpoFix" with the epoxy covering the
sample, spot welded wire and at least 0.5 in of the glass tube.
Before testing, specimens were polished from 120 upto 1000
grit and cleaned in an acetone bath in an ultrasonic cleaner for
5 min. Following cleaning, the testing area was isolated using
3M" 470 electroplaters tape with a 0.25 in diameter hole with
sharp edges punched out. To achieve high-quality electro-
chemical tests, crevice corrosion must be avoided, so prelimi-
nary tests were performed to ensure little to no crevice
corrosion occurred when developing sample preparation
techniques.

2.4 | Double-Loop Electrochemical Potentiokinetic
Reactivation

Once the specimens outlined in Table 2 were prepared
according to the above process, they were evaluated for their
DOS by means of DL-EPR according to I1SO 12732."® The DL-
EPR test was conducted ina 0.5 M H,SO,4 + 0.01 M KSCN solution
deaerated with N, gas. The test was conducted with a Gamry
Reference 600+" with a platinum counter electrode (CE) and
saturated calomel electrode (SCE) reference electrode (RE).
The CE was kept in place while the working electrode (WE)
(mounted sensitized samples) was placed 0.5 in from the CE,
ensuring the WE and CE were parallel. The luggin probe tip of the
RE was placed as close to the WE as possible without breaking

Table 2. Heat-Treatment Conditions

Materials Heat Treatment Post Furnace
AM-AB None (as-built condition) None

AM-1 AM-AB + 700°C 1 h Water quench
AM-24 AM-AB + 700°C 24 h Water quench
AM-R-24 AM-AB + 1,038°C 10 min + Water quench

700°C 24 h

AM-50 AM-AB + 700°C 50 h Water quench
AM-100 AM-AB + 700°C 100 h Water quench
w As received None

W-24 W + 700°C 24 h Water quench
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a direct current path to the CE. Each specimen was exposed to
the solution for 30 min to obtain open-circuit potential (Eqcp)
and to ensure a more consistent surface oxide layer. Once OCP
was reached, a potentiodynamic test was performed in the
anodic direction starting at =100 mVg,__, to +300 mVsce at a scan
rate of 1.67 mV/s. Once +300 mVsce was reached, the scan
direction was reversed and finished at -100 mVe__, at a scan rate
of 1.67 mV/s. DOS is reported as the maximum current in the
reactivation loop (i) divided by the maximum current in the
activation loop (iz). If no reactivation peak occurs, the DOS is
said to be zero.

2.5 Intergranular Attack Susceptibility (Ditching Test)
Tests were performed according to ASTM A262"7
practice "A" with both an oxalic acid and ammonium persulfate
(APS) solution for comparison. All samples were prepared by
the procedures outlined in Material Preparation section. The 10%
oxalic acid and 10% APS test were conducted by etching the
samples at 1 A/lcm? for 1.5 min and 5 min, respectively. Following
the tests, the samples were subjected to an acetone ultrasonic
cleaning for 5 min. Grain boundary attack is classified as “step,”
"dual,” or "ditch” according to the severity of IGC. Samples with
"step” or “dual” structures pass; however, samples with “ditch”
structures do not pass and require further quantitative testing.
It is important to note that the ditching test is not able to fail
a sample, only pass it.

2.6 | Characterization

Following DL-EPR and ditching testing, all samples were
examined by optical microscopy using a Zeiss Axiovert 10" for
qualitative analysis of the grain boundary attack without fur-
ther polishing. Electron backscattered diffraction (EBSD) was
performed on a JEOL 7000 F' scanning electron microscopy
(SEM) where samples were mechanically polished up to 1 pm
aluminum oxide suspension followed by vibratory polishing in
0.05 pm colloidal silica suspension to help remove residual
surface strain. EBSD data processing and mapping were
performed in MATLAB' using MTex?* and ATEX?® was used for
inverse pole figure mapping. SEM characterization was per-
formed on a Quanta 650" FEG using secondary electron (SE)
detection. Disk specimens of the AM-100 condition were
prepared for scanning transmission electron microscopy (STEM)
using a twinjet polisher at 40°C and 10 V to 20 V. The
electropolishing solution was made with 10 vol% perchloric acid
and methanol. The energy-dispersive x-ray spectroscopy
(EDS) maps were performed on a Thermo Scientific Talos F200X"
at 200 kV. Line scan data were generated using Velox"
Software.

RESULTS AND DISCUSSION

3.1 [Microstructure

Optical micrographs of the AM-AB sample parallel and
transverse to the build direction are shown in Figure 1. The build
direction has been noted in each subfigure to aid in process
visualization. The darker lines in the micrographs are the melt
pool tracks from the AM process. The sample exhibited an
average melt pool depth of 42.9 ym with an average melt
pool width of 54.9 ym. The AM samples show full part density
across the testing area. Grain boundary mapping for the
transverse direction (similar to Figure 1[b]) can be found in
Figure 2(a) where HAGBs form rectangular patterns across the
material. Note that the laser scanning path is rotated 45° in the
EBSD scan compared to that of Figure 1(b). The crosshatch
nature of the laser scanning strategy created a grid-like pat-
tern of melt pool tracks where a high density of GBs form in the
center of the melt pool. This is consistent with other work.2%27
As shown in Figure 2(a), the transverse direction primarily con-
sisted of HAGBs, with 81.5% of boundaries >15°. It should be
noted that the accurate assessment of lower angle boundaries
may be undermined due to the resolution of the EBSD scan in
this experiment. The £3 boundary fraction of as-built AM 316L SS
in this work was significantly lower compared with other work
(1.7% in this work vs. 24.8% from the work of Laleh, et al.®). With
similar powder and part chemistries, the notable microstruc-
ture difference is likely attributed to the difference in process
parameters. As Cr carbide nucleation is retarded on X3
boundaries, the sensitization susceptibility of AM 316L SS in this
work were expected to be higher than the material used
elsewhere.® Figure 2(b) shows the texture mapping with the
inverse pole figure (IPF) map shown in Figure 2(c). It is evident
that the transverse direction grains showed a slight preference
for the <111> and <001> directions. From Figure 2(b), the
larger (green) <101> grains are interrupted by many small grains
that form at the center of the melt pool.

3.2 [ Double-Loop Electrochemical Potentiokinetic
Reactivation Tests

The results of the DL-EPR tests can be found in Figure 3
to compare both AM and wrought materials under different heat-
treatment conditions. Both the AM and wrought samples
showed similar open-circuit corrosion potential E.,, at around
-0.4 Vsce under all heat treatments. As the polarization moved
toward an anodic direction, all AM samples presented
a characteristic anodic current peak (i;) at approximately
-0.175 Vsce. i increased significantly with increasing heat-
treatment time, suggesting a higher dissolution rate with more

(a)
FIGURE 1. Optical microscopic image of the microstructure of as-built AM 316L etched with oxalic acid (a) parallel and (b) transverse to the build
direction.

(b)
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FIGURE 2. EBSD characterization of as-built 316L transverse to the build direction: (a) grain boundary misorientation map with melt pool
visualization outlined in black, (b) grain texture orientation map, and (c) inverse pole figure showing the heat map of grain orientations.
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FIGURE 3. DL-EPR curves for (a) AM and (b) wrought samples in 0.5 M H,SO, + 0.01 M KSCN subjected to a scan rate of 1.67 mV/s with red
arrows in (b) indicating the scan direction. Reactivation peaks can be observed in all samples sensitized longer than 24 h.

severe sensitization. Passivation took place in the vicinity of
-0.1 Vsce. A reverse scan was conducted at +0.3 Vgcg toward
the cathodic direction. While AM-AB, AM-1, and wrought samples
showed typical corrosion potential in the passivated condition,
other samples presented a reactivation anodic current peak (i,)
which indicates sensitization susceptibility. i, increases with
the sensitization time. Cr depleted region was less passivated,
generally resulting in faster active dissolution.

Figure 4 summarizes the DOS as the function of sensi-
tization time. It is important to note that a material is said to be
sensitized when DOS is greater than 0.01 (1%)."® An evaluation

of the 1% cutoff for determining sensitization will be discussed
later. Both AM and wrought 316L SS exhibited a similar trend in
DOS with time. The DOS of AM 316L SS increased with sensi-
tization time, approaching 1% at 100 h. Desensitization®® was
not observed for up to 100 h. We emphasize the DOS curve in
Figure 4 is flattened when approaching 100 h, which was likely
caused by the full consumption of carbon from the matrix.
Figure 5 shows the optical images of the sample surface
after DL-EPR study. No grain boundary attack was seen on
AM-AB, AM-1, and wrought samples. Note that the straight
lines found in Figure 5 are mostly polishing lines. The first signs of
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FIGURE 4. DOS of AM and wrought samples calculated from DL-EPR
curves. DOS is reported as i/i,.

grain boundary attack are evident at a 24-h sensitization time
regardless of recovery heat treatment. As the sensitization time
increased to a longer time, the resulting grain boundary attack

is greater in AM 316L SS. Wrought 316L SS does not show grain
boundary attack as significant as AM 316L SS.

Comparing the DOS values of AM-24 and W-24 samples
in Figure 4, there seems to be little difference (on average 0.44%
and 0.37%, respectively) given that these two samples are
considered unsensitized (below 1%). This conclusion is very
similar to the work of Macatangay, et al.,’® and contradictory to
the reported work of Laleh, et al..® in which AM 316L SS exhibited
significantly fewer DOS than wrought 316L SS. Such a dif-
ference in DOS can be explained by the negligible twin fraction
present in this work's AM 316L SS. Therefore, the process-to-
process variation of parameters in L-PBF can lead to different
corrosion responses.

3.3/ Intergranular Attack Susceptibility Tests (Ditching
Test)

Following the practice “A" of ASTM A262,"” the “ditching”
test using both oxalic acid and APS was used to assess the IGC
susceptibility of AM 316L SS. The microstructure of the
specimens after “ditching” can be found in Figure 6. The as-built

FIGURE 5. Optical microscopic images of IGC attack after the DL-EPR tests of AM and wrought materials. IGC is observed in AM 316L after

sensitization longer than 24 h.
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50 um

FIGURE 6. Optical microscopic images of AM and wrought samples after the ditching test using (left) oxalic acid and (right) ammonium
persulfate. Ditching is observed in all materials sensitized longer than 24 h.
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AM sample showed an attack along the melt-pool track while
the HAGB presented a stepped structure, as outlined in ASTM
A262."7 The melt-pool attack observed will be discussed later.
No pitting was observed. Note that the stepped structure is
acceptable according to the standard. While the AM-1 sample
was evaluated, the microstructure showed extremely similar
features to the as-built condition, and as such was not in-
cluded. We conclude that 1 h is not enough time to sensitize the
AM sample. The AM-24 sample exhibited a ditching structure
meaning sensitization has occurred, while the DL-EPR data
according to ISO 12732'° evaluate the material as unsensi-
tized (Figure 4). After being subjected to 100 h of sensitization,
the AM-100 sample showed significant IGC indicating Cr
depletion along HAGBs due to sensitization. The nonsensitized
wrought sample exhibited a stepped structure similar to the
AM-AB sample, which is consistent with the DL-EPR testing.
Interestingly, the wrought material showed a significant
amount of end grain pitting which is seen by the dark circular
features in Figure 6. This is not surprising given that austenitic
SS produced by AM has been shown to have significantly higher
pitting potential.?®3* After sensitization for 24 h, the wrought
material showed some areas of ditching with a dual structure.
The results of the ditching test align with the DL-EPR test
where the W-24 sample exhibited a slightly lower DOS compared
to the AM-24 sample.

To further understand the response to ditching, APS was
also used as a ditching solution. Samples etched with APS
showed significantly more attacks as seen in Figure 6. APS is
recommended for molybdenum-containing austenitic stainless
steels which may show difficulty revealing step structures.
However, the as-built AM and nonsensitized wrought samples
showed step structures using oxalic acid indicating there was

no need to use APS for these samples. In Figure 6, one can see
the significant amount of end grain pitting in the wrought
samples. The end grain pits significantly hinder the evaluation of
the GB attack. As such, APS may not be the best tool to
evaluate IGC susceptibility in all molybdenum-containing
austenitic stainless steels.

3.4 | Effect of Dislocation Cellular Structures on
Sensitization

It has been reported that dislocation annihilation occurs
within the temperature range of 800 to 1,065°C during short heat-
treatment times.”>®>7 |n the aforementioned work, the
higher-temperature range, in some cases, led to the disap-
pearance of the cellular structures when heat treating for more
than 15 min. It is important to note that at higher temperatures
the formation of o phase can occur leading to a multiphase
material which is undesirable for the evaluation of dislocation
effects on sensitization. The microstructure of the as-built and
recovered samples before sensitization heat treatment can be
found in Figure 7. The as-built condition shows a cellular-
columnar structure where melt pool boundaries are clearly vis-
ible. After a recovery period of 10 min, dislocation annihilation
occurs effectively removing the cellular structure as seen in
Figure 7(d). The melt-pool boundaries are also no longer
etched after the recovery treatment although some very local
attack around GBs and light surface pitting occurs (bright
spots shown in Figure 7[c]). This indicates that the dislocation
structures have been removed and chemical homogenization
has occurred while not recrystallizing the material. As such,
the effects of dislocations on sensitization kinetics can be
evaluated.

(b)

()

FIGURE 7. SEM SE image of AM (a, b) as-built showing a cellular and columnar structure and (c, d) recovered heat treatment at 1,038°C for 10 min

(d)

without the cellular and columnar structure indicating a full recovery heat treatment. Both are etched in oxalic acid under similar conditions.
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Investigation into the recovered and nonrecovered 24-h
sensitization samples, AM-R-24 and AM-24 respectively, was
performed to investigate the effects of dislocations on the
sensitization kinetics of this material. After calculating the DOS
for each specimen, the recovered and nonrecovered samples,
on average, exhibited a DOS of 0.00438 and 0.00443, respec-
tively, with the data points plotted in Figure 4. In Figure 6, the
ditching test shows an HAGB attack that is quite comparable
between the two heat-treat conditions in both oxalic acid and
APS. With both conditions showing similar sensitization char-
acteristics, the recovery heat treatment had little to no effect
on sensitization kinetics. As such, the role of dislocation struc-
tures as diffusion channels for carbon and Cr seems to be
minimal at best. This does not particularly align with the litera-
ture®®4° where dislocations function as pipelines for carbon
diffusion and significantly increase the diffusion at large depths.
For wrought 316L, it has been shown that increasing dislo-
cation density by cold work is effective at increasing DOS after
low-temperature sensitization heat treatments (500°C for 264
h).“° Thus, further investigation into dislocation effects on sen-
sitization kinetics in AM 316L is warranted. It is well known that
the diffusion of carbon is significantly faster than that of Cr, so
one would expect the carbide precipitation kinetics to be rate
limited by Cr. With the low-carbon variant of 316, there is little
carbon available to form carbides, and as a result, a lower
driving force for precipitation. AM 316L SS by L-PBF presented
a higher amount of GBs than wrought coarse-grain 316L SS.

A higher nucleation rate in AM 316L SS may accelerate carbon
consumption. As carbides start forming, there is even less

SCIENCE SECTION

carbon in the solution that is available for carbide precipitation,
leading to the majority of solutionized carbon being consumed.
Because there was no significant difference in DOS after a
recovery heat treatment, dislocation density appears to have
minimal impact on carbide precipitation. Because dislocation
density plays a large role in Cr diffusion, Cr diffusion should not
be concluded as the rate limiting factor. While Cr diffusion may
have been slightly retarded by the recovery heat treatment,
we propose the rate limiting factor for carbide precipitation of
AM 316L SS is the low carbon concentration.

3.5/ Carbide Precipitation and Cr Depletion During
Sensitization

To investigate the diffusion of elements within the sam-
ples, STEM images were taken with element maps. STEM-EDS
images of the AM-100 sample are found in Figure 8 showing Cr
and carbon enrichment, pointing to Cr carbide formation along
HAGB. The sample sensitized for 100 h was chosen to ensure
the maximum diffusion time within the scope of this study. It is
important to note the higher concentration of molybdenum
along the GBs as well. The Mo particles do seem to form in
a semicontinuous fashion where there are areas of continuous
particles interrupted by other carbides present along the
boundary. EDS scans across a GB 50 nm away from carbides
were performed and averaged to determine Cr depletion due
to carbide formation. The average of 5 GBs scanned can be
found in Figure 9(a) where one can see that the Cr concentration
on average drops to 12.35 wt% due to carbide formation. Cr
concentrations below 12 wt% or 13 wt% are known to make GBs

FIGURE 8. STEM-EDS images showing Cr carbides and Mo-rich precipitates along HAGB in AM-100. Significant Cr depletion along grain

boundaries is observed.
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FIGURE 9. STEM-EDS scans of (a) 5 GBs 50 nm away from Cr carbides indicating significant Cr depletion, (b) 5 GBs far away from Cr carbides
indicating slight Cr depletion, and (c) a Mo-rich particle along a GB indicating the presence of Mo3Si.

prone to IGC,2° so on average, the sample is sensitized.
Looking at the +20 ranges in Figure 9(a), it is very possible to
observe GBs with Cr levels even below 11%, which would lead
to even further IGC susceptibility. This aligns well with the DL-EPR
and ditching test where the AM-100 sample showed a sig-
nificant IGC attack.

Investigating the Cr level at GBs far away from carbides
and the Mo particles, it is seen that, in Figure 9(b), some Cr
depletion occurs (dropping from approximately 17 wt% to
14 wt%). Knowing that the AM-100 sample showed significant
IGC susceptibility using both testing methods, on average,
GBs away from particles and carbides are generally prone to IGC.
We propose the Cr wt% that makes a material prone to IGC is
closer to 14 wt%. By long-time heat treatment, desensitization
can happen by the back-diffusion of Cr to the depleted region.
However, in this study, desensitization was not seen at the
sensitization times up to 100 h. Figure 9(c) shows an EDS scan
of a Mo-rich precipitate. While these precipitates originally
showed high S, Si, and P levels, plotting the atomic fraction of
these elements with Mo revealed that the precipitates are Mo3Si
due to the Si fraction closely following the shape of the Mo
scan. MosSi has been observed in other works."®

3.6 | Attack Modes of Double-Loop Electrochemical
Potentiokinetic Reactivation and Ditching Tests

In order to assess the differences in preferential attack
locations done by the two IGC tests, SEM images were taken

from the same location on a specimen after the DL-EPR and
ditching tests. The AM-24 sample was subjected to the DL-EPR
test first as it was previously observed that the IGC was much
less severe. This would allow for less material thickness removal
by repolishing, resulting in a more accurate comparison at the
same location. After the DL-EPR test, an area of interest was
chosen close to a specified marker and an image was taken
(Figure 10[a]). One can see that the DL-EPR test attacks nearly all
GBs. From this, one can conclude that the material is signifi-
cantly sensitized which does not correspond with the quantitative
results of the test. Contrary to some of the work of Maca-
tangay, et al.,’® no melt pool boundary or cellular structure attack
was observed. Additionally, the DL-EPR test shows a selective
dissolution of the passive film. As the surface oxide film is also
attacked in the DL-EPR tests, the reactivation peak current is
not entirely dependent on IGC. As a result, the DOS value may be
overestimated.

Once the DL-EPR SEM images were taken, the sample
was ground until no optical evidence of GB attack was present,
further ground in accordance with Intergranular Attack Sus-
ceptibility (Ditching Test) section, and tested using oxalic acid
ditching. The area of interest was found and SEM images were
taken (Figure 10[b]). One can see that the grains do not exactly
mirror the ones found in the DL-EPR test which is likely due to
the material removal by grinding. As seen in Figure 10(b), the
ditching test significantly attacks the GBs and induces pitting.
Because the ditching test is a current-controlled test, the sample
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FIGURE 10. SEM SE images of AM-24 subjected to a (a) DL-EPR test where GB attack is observed and (b) ditching test using oxalic acid where GB
and melt pool boundary attack is observed. Some melt pool boundaries in (b) are marked in blue. Images were taken in the same area using

distance control from a specified spot outside the image capture area.

may have varying electrical potentials which could result in a
potential being high enough to cause pitting. Interestingly, some
melt-pool boundary attacks (blue lines in Figure 10[b]) can also
be seen in the ditching test which is not present in the DL-EPR
test. An important conclusion from this work is that both tests
are attacking the GBs of the sensitized AM 316L SS, and the
attack using the ditching test are more severe.

3.7 | Perspectives on the Testing Methodology of
Sensitization for AM 316L SS

The AM-100 sample was on average considered non-
sensitized by STEM work (Figure 9[a]) by the traditional 12 wt%
Cr rule?® but statistically showed some boundaries will be
sensitized below 12 wt%. This fundamental, quantitative approach
of determining sensitization provides great insight to assess
other more time-conscious approaches such as the DL-EPR and
ditching tests. An important distinction should be made that the
DL-EPR test did not reveal melt pool boundaries in the AB and
AM-1 conditions. Therefore, the DL-EPR test evaluates material
for IGC regardless of it being AM or wrought. The quantitative
results of the DL-EPR test (Figure 4) for the 700°C 100-h
condition indicated the material as nearly sensitized which cor-
responds well to the STEM work performed where Cr depletion
occurs and can statistically reduce GB Cr levels below 12 wt%. Any
sample sensitized at 24 h or longer also qualitatively showed an
IGC attack (Figure 5) which is contradictory to the quantitative
results that evaluated the samples as nonsensitized. With IGC
being seen after 24-h sensitization time, samples tested should be
microstructurally evaluated in addition to calculating DOS. This
does raise a question: if there is IGC even when the DOS is below
1%, should the material pass even if IGC is present? It is
imperative to not jump to conclusions about the IGC susceptibility
based on one point of data but to use as many characterization
tools as possible to fully evaluate the material. On the positive side,
the DL-EPR test evaluated the DOS as increasing with sensi-
tization time which is consistent with the microstructural features.
The combination of the benefits manifests the DL-EPR test as a
prime candidate for IGC evaluation of AM and wrought austenitic
SS, although ISO 12732 considering a DOS of 1% to be
sensitized may not provide a full picture of IGC susceptibility.
As such, further work should be performed to develop a DL-EPR
standard that takes the potentiodynamic response and micro-
structural features into account.

Sensitization evaluation using the ditching test of
ASTM A262' could present some complications when

evaluating austenitic SS produced by AM. In this work, as-
built samples showed heavy melt-pool boundary attacks with
stepped GBs. The initial thought would be to fail the material,
but further investigation into melt-pool attacks is required.
Godec, et al..*" found slight Cr and Mo depletion along melt
pool boundaries (17.4 wt% to 16.6 wt% and 4.2 wt% to 3.1 wt%,
respectively) in AM 316L SS in the as-built condition. The
slight reduction in Cr along the melt pool boundary would
explain the preferential etching phenomenon. Sommer, et
al.*? argued that melt pool boundaries could be etched due to
chemical segregation or changing solidification modes from a
cellular to planar form. With this in mind, melt pool boundary
etching should not be characterized as sensitization using the
ditching test because the elemental segregation is not signifi-
cant enough to promote IGC and carbide formation does

not occur. Performing the ditching test does reveal stepped
GBs in the AB condition, which is consistent with its wrought
counterpart, however, the deep etching of melt pool boundaries
may lead some to fail the sample unjustly. As the sensitization
time increased to 24 h and beyond, the ditching test revealed
the GBs as susceptible to IGC, and significant pitting was also
observed. From this change in preferential attack location, one
could conclude that sensitization treatment was significant
enough to promote sensitization. Observing IGC in samples
sensitized for 24 h and beyond is consistent with the DL-EPR
test, although the GBs in the ditching test are qualitatively attacked
more (Figures 5, 6, and 10). While an advantage of the ditching
test is its ability to quickly screen a material, AM austenitic SS
samples require more complex analysis of different micro-
structural features. ASTM A262'7 would, therefore, need to be
updated for AM austenitic SS to include melt pool attack in
addition to the normal GB classification. Beacuse the ditching test
does not only test the GBs, and, as a result, evaluators must use
amore subjective evaluation method, the DL-EPR test seems to be
a more promising testing method for AM austenitic SS for
sensitization.

CONCLUSIONS

> Sensitization heat treatments at 700°C for various times up
to 100 h were performed on AM and wrought 316L SS. In order to
evaluate the DOS, the DL-EPR and ditching tests were per-
formed on all samples. This work also investigated the role of
dislocation cellular structures on the precipitation kinetics of
Cr carbides and the Cr depletion along GBs after 100 h of
sensitization in AM 316L SS.
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> The DL-EPR can be used to detect IGC susceptibility in AM
316L SS. Melt-pool boundary and cellular structure were not
attacked by a DL-EPR test, but selective surface oxide dis-
solution was present. The quantitative results of the DL-EPR
test are a useful tool to evaluate DOS between samples, but
post-test microstructural characterization should be performed
to evaluate IGC attack. The DL-EPR test should be updated to
provide a more nuanced determination of sensitization that
includes microstructural evaluation rather than solely relying
on the 1% rule. The DL-EPR test reactivation peak current does
not rely only on IGC but also surface oxide dissolution which
may lead to overestimating DOS.

> The ditching test can be used to detect IGC susceptibility in
AM 316L SS as well. A significant melt-pool boundary attack was
observed. The use of APS is generally used for Mo-containing
steels, but the attack observed was much more significant
compared to the oxalic acid. This could make post-test mi-
crostructural characterization challenging. The qualitative results
of the ditching test provide a subjective qualification protocol.
As the melt-pool boundaries do not have enough Cr depletion to
cause IGC, the ditching test should be updated to inform
evaluators that melt-pool boundaries should not be considered
ditching structures.

> The minimum time for sensitization peaks to occur during a
DL-EPR test is between 1 h and 24 h. This correlates well with the
microstructural results of the DL-EPR and ditching tests. There

is minimal difference in the DOS between AM and wrought 316L
in this work.

> A recovery heat treatment of 1,038°C for 10 min was
effective in promoting dislocation annihilation without promoting
recrystallization. As a result, the recovered condition does not
show a cellular structure. Recovery heat treatment had little to no
effect on DOS and IGC resistance which is likely due to the low
carbon level in AM 316L SS rather than Cr diffusion. As such,
dislocation density likely has little effect on sensitization ki-
netics in AM 316L.

> Cr carbide precipitation and HAGB Cr depletion are present

in AM 316L where the depletion reached 12.35 wt% on average
after 100 h of sensitization at 700°C. GBs away from carbides
exhibited 14 wt% Cr which were prone to IGC, thus the Cr wt%
that makes a material prone to IGC is close to 14 wt% in
contrast to 12 wt%.
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