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The single-loop electrochemical potentiokinetic reactivation (EPR) test was
used to quantify the degree of sensitization for 316L stainless steel (SS) pro-
duced by laser-engineered net shaping (LENS®) additive manufacturing (AM).
EPR tests were also used to monitor how the sensitivity of the as-deposited
and heat-treated AM material compared to wrought 316L SS. A solution-an-
nealing heat treatment that recrystallized the material was also applied to
AM-316L SS. The EPR tests showed that as-deposited AM-316L SS displayed
low levels of sensitization. Heat-treated AM-316L SS demonstrated some
improvements in resistance to corrosion, but overall did not perform as well as
wrought 316L material. Optical micrographs of the AM-316L SS samples
collected after conducting the EPR tests also showed localization in the as-
deposited AM-316L SS material; however, these features were reduced after

heat treatment, suggesting greater resistance to corrosion.

INTRODUCTION

The development of additive manufacturing (AM)
has revolutionized manufacturing processes for a
wide variety of materials, including polymers, com-
posites, metals, and ceramics.'' AM employs a
layer-by-layer approach capable of producing com-
plex part designs in a time- and cost- effective
manner, which notably can achieve shapes that are
difficult or impossible to make by traditional meth-
ods. AM products must retain or exceed the desired
material properties of products manufactured using
traditional manufacturing methods. For metals,
traditional manufacturing techniques are typically
based on cast and/or wrought methods. These
materials are typically machined or welded to a
final shape. AM of metals can be achieved using a
Variety of processes, including electron beam melt-
ing, direct energy deposition with laser and powder
bed fusion-laser (PBF-L) AM. %1117

A wide variety of stainless steels (SSs) exist that
can be processed using AM. Two common austenitic
SSs that are processed using AM and traditional
manufacturing methods are 304L SS (18Cr-8Ni-L
C) and 316L SS (19Cr-9Ni-3Mo-L C). The “L”
denotes that these grades of SS are low in carbon
content (< 0.03%), which improves the corrosion

(Published online September 7, 2018)

properties. When these SSs are exposed to elevated
temperatures (450-850°C) due to welding, heat
treatment, fabrication, or service conditions, chro-
mium-rich carb1des will form along the grain
boundaries.'® Precipitation of these carbides results
in chromium-depleted regions adjacent to the car-
bides on the grain boundaries. Carbide precipitation
(and subsequent chromium depletion) can give rise
to the phenomenon known as sensitization, which
can cause corrosion depending on the environmen-
tal conditions causing the attack.'® These regions of
chromium depletion are anodic with respect to the
matrix, which creates a §alvanlc potential and
facﬂltates corrosion locally.

Welding and AM processes can also cause local
heating and subsequent cooling, which create resid-
ual stresses that can impact the corrosion resis-
tance, fatlgue wear, and induce stress corrosion
cracking.'®#*2° In certain corrosive environments,
such as those used in electrochemical potentlokl—
netic reactivation (EPR) tests, the material can
become sensitized when the chromium content is
less than 12-13% in the chromium-depleted regions.
Austenitic SSs, such as 316 (18Cr-12Ni-2Mo) and
304 (18Cr-8Ni), are susceptible to corrosion via
intergranular corrosion (IGC) and intergranular
stress corrosion cracking (IGSCC) due to
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sensitization. One method of improving the IGC
resistance of SS is to decrease the carbon con-
tent.'®?% 316L SS is a common austenitic SS with
alloy chemistries including low carbon content
(< 0.03%) and molybdenum (~2-3%).

Due to the nature of processing AM components,
the resulting microstructure can exhibit character-
istics that are analogous to typical cast or welded
material with a solidification texture and anisotro-
pic mechanical properties, in contrast to wrought
SSs that have been formed by rolling, forging or
extrusion, which show different microstruc-
tures.1®2%27 There have been few reports on the
corrosion properties of AM 316L SS. In general,
previous work on 316L produced by AM was found
to exhibit increased levels of sensitization compared
to wrought and weld deposits using plasma-trans-
ferred arc welding (PTAW).'6*° Subsequent solu-
tion annealing of laser rapid manufacturing (LRM)
316L SS was found to decrease the degree of
sensitization and heal chromium depletion to some
extent.!®

Alternative fabrication methods such as powder
metallurgy (PM) processing have also been used to
compact 316L SS powders to form solid compacts. In
studies by Garcia et al., the corrosion properties of
wrought and PM 316L SS were compared.?®?° PM
316L SS discs were prepared by sintering green
compacts. EPR tests comparing the corrosion prop-
erties of the two material types showed that PM
316L SS samples exhibited a higher degree of
sensitization, or lower corrosion resistance. Micro-
scopy studies on PM 316L SS revealed microstruc-
tures with higher exposed surface areas compared
to wrought 316L SS, which contributed to the
reduced corrosion resistance of PM 316L SS.

The present study focuses on the corrosion
properties of 316L SS manufactured using laser-
engineered net shaping (LENS®) AM determined
by EPR testing.?’ The EPR test is a non-destruc-
tive technique that was developed by Novak et al.
and Clarke et al.®’% This technique was later
standardized by ASTM to quantify the degree of
sensitization in AISI types 304 and 304L SS, but
has also been used on a number of different SSs,
including 316L.3*?° In order to measure the corro-
sion resistance properties of AM-316L SS and
wrought 316L SS, EPR tests were performed to
determine the degree of sensitization for the two
different materials. The microstructure of AM-
316L SS was characterized before and after heat
treatment using light optical microscopy (LOM).
The composition, microstructure, and mechanical
behavior of these materials has previously been
tested.!*?936-3% Here, we extend this work by
addressing the corrosion properties of the
materials.
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MATERIALS AND METHODS

This work was conducted on wrought 316L SS
material that was sourced in 12.5-mm-thick plate
form. The AM-316L SS was produced using LENS
AM. The stock powder used for AM was a gas-
atomized powder purchased from Carpenter Powder
Products (Bridgewater, PA, USA). Table I provides
the analyzed chemical composition of the as-re-
ceived powder used in the LENS build and the
wrought 316L material. The chemical composition
of the materials was provided by the manufacturer
using optical emission spectroscopy and inductively
coupled plasma-mass spectrometry. A third party
was also used to determine the chemical composi-
tion of the AM powder. The 316L SS material
specifications have been included from Ref. 39. The
particle size distribution of the powder used for the
LENS build was measured to be 53-180 yum. An
OPTOMEC (Albuquerque, NM, USA) LENS MR-7
laser AM system was used to produce the AM-316L
SS samples. The layer height of the AM-316L SS
LENS build was 0.012 inches (0.03 mm) per layer.
Further details on the LENS configuration and
build specifications have been described by Gray
et al. and Morrow et al.?®%7

The heat treatment applied to the AM-316L SS
material was performed at 1060°C for 1 h under
vacuum with subsequent rapid quenching in an oil
bath to suppress the precipitation of any carbides
and intermetallics. The heat treatment was chosen
to homogenize composition of the AM-316L SS.
From here on, the non-heat-treated materials (i.e.,
as-deposited) are referred to as AM-316L NHT SS,
and 316L NHT (wrought), and the heat-treated
material is referred to as AM-316L HT SS.

Single loop (SL) EPR experiments were per-
formed following ASTM G108-94 to evaluate sus-
ceptibility to intergranular or non-uniform
corrosion.*” The size of the 316L wrought sample
used in the EPR tests was 1 cm? and the AM-316L
SS samples were all 0.8 cm® The samples were
mounted in Lucite, and standard metallographic
techniques were employed to polish the sample used
for EPR tests to a 1-um diamond finish. A fresh
solution of 0.5 M sulfuric acid (H,SO,4) and 0.01 M
potassium thiocyanate (KSCN) was used for each
test. The EPR experiments were performed at a
temperature 30 £+ 1°C using a Gamry Reference
3000 or a Gamry Reference 600+ potentiostat, a
platinum counter electrode, and a saturated calomel
reference electrode. The EPR experiments were
repeated at least twice on each sample to ensure
reproducibility of the results.

All LOM images were collected using a Zeiss Axio
Imager M2m optical microscope with varied
magnification.
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RESULTS

Micrographs at two different magnifications of as-
deposited (AM-316L NHT SS) and the heat-treated
(AM-316L HT SS) are shown in Fig. 1. Micrographs
of AM-316L NHT SS (Fig. 1a) reveal that the
microstructure of the AM material exhibits a solid-
ification structure with microsegregation, resulting
in a network of melt pools. The as-deposited AM-
316L NHT SS solidified with a primary ferrite (BCC
structure) solidification structure (dark phase),
which is more clearly observed in the high-resolu-
tion Fig. 1b. This ferrite structure persists at the
dendrite or cell core and includes more chromium
and molybdenum than the interdendritic or
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intercellular regions with an austenitic (FCC) crys-
tal structure.?® The cell cores are rich in chromium
and molybdenum with reduced concentrations of
nickel, which results in a galvanic difference rela-
tive to the interdendritic regions.?"*? There are also
macrosegregation patterns associated with each
layer where the changing solidification gradient
and solidification growth rate vary spatially in each
layer as the laser heat source moves.?’ The extent of
the microsegregation, fraction of ferrite and the cell
size vary spatially in each layer as a function of the
fluctuating solidification gradient and growth rate.
Figure 1c and d shows the changes to the as-
deposited Am-316L NHT SSs after heat treatment.
Micrographs of AM-316L. HT SS indicate that the

Table I. Chemical composition of the 316L. AM powder, wrought 316L SS, and 316L specifications

Composition (wt.%)

Material C Cr Cu Mn Mo N Ni Si P S
AM-316L 0.02 20.7 0.19 1.32 2.45 0.09 114 0.50 0.02 0.01
powder
316L 0.022 16.16 0.39 1.70 2.08 0.063 10.03 0.029 0.0004 0.040
wrought
316L spec®® 0.030 16.0— — 2.00 2.00— 0.10 10.0— 1.00 0.045 0.030
max 18.0 max 3.00 max 14.0 max max max

Fig. 1. Optical micrographs of the (a, b) AM-316L NHT SS material and (c, d) AM-316L HT SS material.
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Fig. 2. The potential versus current density curves collected during
the SL EPR tests on wrought SS. 316L NHT SS refers to as-received
wrought SS. Traces F-/ show the repeated EPR tests for as-
received wrought SS and correspond to the data in Table II.

ferrite dissolved and subsequently recrystallized
removing the majority of the macrosegregation.
Figure 1d shows that the microstructure of the
heat-treated samples contained a small volume
fraction of a second phase that is spherical in shape
and 0.3—1 ym in diameter. Further discussion of the
characterization of the secondary phase and the
grain structure has been detailed by Morrow et al.”
The network of melt pools observed in Fig. 1c for the
AM 316L HT SS material after oxalic etching
suggests that some segregation remains after heat
treatment.

The degree of sensitization induced by IGC and
IGSCC on the AM-316L SS and the as-received
wrought 316L. SS was measured using the SL. EPR
test. A potentiodynamic sweep was applied to the SS
samples from the passive to the active region of the
electrochemical potentials. This procedure is
referred to as reactivation. Figure 2 shows the
EPR results of the the as-received wrought 316L
NHT SS. Figure 3 presents EPR test results per-
formed on the as-deposited AM-316L. NHT SS and
the AM-316L SS samples that were exposed to heat
treatment (AM-316L HT SS). The suffix is used to
distinguish repeated EPR tests. The charge density
can be calculated by integrating the area under the
reactivation curve and normalizing based on sample
size. The charge density under the reactivation peak
provides information on the quantity of electric
charge passing through the surface exposed to the
test solution. For the SL EPR test, the charge
density is typically normalized by the grain size of
the material; however, since AM-316L has an
equiaxed grain structure due to the processing of
the material, it is difficult to measure a
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Fig. 3. The potential versus current density curves collected during
the SL EPR tests on the as-deposited (AM-316L NHT SS) and heat-
treated AM-316L SS (AM-316L HT SS). Traces A-C are repeats of
the EPR tests for as-deposited AM-316L SS, and traces D, and E
show the repeated EPR tests for heat-treated AM-316L SS. The data
for each trace can be seen in Table Il.

representative grain size. Therefore, only the reac-
tivation charge densities for each sample tested
have been reported in Table II.

The reactivation curves for the as-received
wrought 316L NHT and AM-316L SS materials
are shown in Figs. 3 and 4, respectively. The
average charge density for the wrought 316L NHT
samples was 0.38 + 0.27 mC/cm?, which is lower
than that measured for the AM-316L SS samples.
Some reactivation was observed in the as-deposited
AM-316L NHT SS, which has an average charge
density 1.64 + 1.76 mC/cm? However, there was
significant variation in the EPR results for this
sample between each of the EPR tests, as seen in
Fig. 3 and Table II. After the annealing treatment,
a small decrease in the charge density was mea-
sured. The average charge density for the heat-
treated AM-316 HT SS was 1.03 + 0.06 mC/cm”.
These results suggest that the annealing heat-
treatment decreases the sensitization of the AM-
316L SS, and therefore may reduce the susceptibil-
ity to IGC and IGSCC. For reference, unpublished
results of sensitized wrought 316L SS reveal a
charge density of 110.1 mC/cm?. SL EPR results on
similar SSs that are sensitized due to processing
report much higher charge densities.*"**? During
processes such as welding, chromium carbides can
precipitate at the grain boundaries and contribute
to sensitization; however, similar heat treatments
have been shown to heal the sensitization in the
material.?®> Although sensitization is observed in
AM-316L SS, even with annealing, the results
described here are consistent with relatively low
levels of precipitated chromium carbides.
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Table II. Integrated charge from the area under the reactivation curve in the EPR tests

Material Sample E_,.. (corrosion potential, mV) Reactivation charge density (mC/cm?)
AM-316L NHT SS A — 0.154 3.66
B - 0.177 0.84
C — 0.099 0.42
AM-316L HT SS D - 0.110 0.99
E — 0.142 1.08
Wrought 316L. NHT SS F — 0.268 0.78
G —0.192 0.26
H — 0.00284 0.23
I — 0.00790 0.25

1000 um

1000 um

Fig. 4. Micrographs of the 316L SS samples post-EPR tests: (a) AM-316L NHT SS; (b) AM-316L HT SS.

Furthermore, in previous studies on this AM-316L
material, no evidence for chromium carbides in the
solidified structure was observed.?”

During the potentiodynamic sweep, reactivation
of the sample results from the preferential passive
film breakdown at the chromium-depleted regions.
The majority of the samples tested had a defined
reactivation region in which the area could be
integrated. In some of the 316L NHT SS samples,
a true reactivation curve was not observed, or was
small. This suggests that the material was not
sensitized and the passive film remained intact.
This observation is typical for annealed wrought
316L SS, since appropriate heat treatments are
performed to remove sensitization.*>*¢ If the sen-
sitization conditions are not met, no reactivation
curve will be observed during EPR testing.*”*®
Additionally, the presence of molybdenum will
enhance the passivity of 316/316L type SS.*”

Figure 4a shows a micrograph image of the as-
deposited AM-316L. NHT SS after EPR testing,
exhibiting localization or pitting of the material.
The presence of localization features is consistent
with the build features of AM 316L SS. The
localization is present as both isolated corrosion
pits, clusters, and elongated corrosion pits,

highlighted by red circles in Fig. 4. The micrograph
of AM-316L HT SS in Fig. 4b, however, revealed
significantly less localization, which is consistent
with the EPR results in this work. The observed
localization may be related to the microsegregation
seen previously in the micrographs in Fig. 1a and b,
which shows that the AM-316L. NHT SS material
was not uniform after solidification. The segregation
of chromium and molybdenum from the nickel will
produce a galvanic difference within the material,
which has been well established for castings and arc
welds.?"?? This galvanic difference can produce
nucleation sites for corrosion. Even after heat
treatment of AM-316L SS, a heterogeneous struc-
ture containing melt pools was still observed in the
AM-316L HT SS (Fig. 1d), indicating that some
segregation still remains after heat treatment. This
observation may explain the limited localization and
pitting observed in Fig. 4b for AM-316L HT SS.

DISCUSSION

Welded and AM metals are metallurgically inho-
mogenous compared to wrought base metal. Slower
cooling during the manufacturing of AM SS may
promote sensitization due to the precipitation of
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chromium-rich carbides and associated chromium
depletion near the grain boundaries. Our results for
AM-316L HT SS, which describe slightly elevated
corrosion levels compared with wrought 316L SS,
are similar to previous work on 316L SS produced
using AM fabrication methods. Trelewicz et al.
showed that 316L fabricated using PBF-L had
reduced corrosion resistance compared to wrought
316L SS that had been heat-treated, which is
unsurprising as the heat treatment applied to the
wrought 316L SS in this work is known to decrease
the degree of sensitization in wrought 316L
SS.404346  Therefore, since the PBF-L-produced
316L SS was not heat treated, a direct comparison
between the two materials is difficult, especially
since as-deposited AM and welded materials are
known to include residual stresses that can deteri-
orate corrosion resistance.'®?3

SS produced by PM or subject to welding methods
is also recognized for having an increased degree of
sensitization, due to increased porosity and local-
ized heating, compared with wrought mate-
rial 16:23-25:4950 1, PM SS, the degree of
sensitization is increased due to the porosity, which
behaves similarly to pre-existing crevices, resulting
in an increased corrosion rate.”*> The LENS AM-
316L in this work appears to be fully dense; no pores
were apparent at the provided magnifications for
the optical images in these experiments. Transmis-
sion electron microscopy and optical images col-
lected by Morrow et al. also did not reveal any pores
in the material.?” The lack of pores in the AM-316L
SS may help explain the low levels of sensitization.
EPR studies by Ganesh et al. on LRM and PTAW
316L SS also found that solution annealing showed
modest improvements in the pitting corrosion resis-
tance of LRM-316L SS.'® However, overall, LRM
and PTAW 316L exhibited lower resistance to
pitting corrosion in contrast to wrought-type 316L
SS.'® Even with annealing heat treatments, it
appears that AM-316L SSs do not perform as well
as wrought 316L. SSs that have been exposed to
similar annealing heat treatments and similar
corrosive environments.*>~*¢ The extent of corrosion
in a SS will depend on a number of factors,
including the corrosive environment, degree of
sensitization, grain structure and size, passive film
stability, alloy element segregation, precipitation of
carbides and intermetallics, and composition of the
SS.5% Because of these factors, it can be difficult to
compare the degree of sensitization and corrosion
susceptibility for different materials that have
different solidification morphology and may be
tested in different corrosive environments.

As mentioned previously, we did not observe any
precipitated chromium carbides in this or previous
work, which could be related to the relatively low
levels of sensitization that were measured by the
EPR tests.>”*"*2 The low-level sensitization that
was observed in AM-316L SS could originate from
the austenite phase that was seen in the
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micrographs. The austenite phase in SSs typically
contains less chromium than the ferritic matrix, and
subsequently, this phase is preferentially attacked
in electrochemical corrosion tests.'® It is also possi-
ble that the precipitate morphologies of the carbides
that are present are very small and difficult to
resolve using conventional metallographic tech-
niques.*’ Combined, these inconsistences in the
microstructure and uneven precipitation of chro-
mium-rich carbides can lead to a variety of corrosion
mechanisms that will degrade the passive film and
enhance the corrosion rate in corrosive
environments.

CONCLUSION

The corrosion properties of AM-316L SS produced
by LENS® AM fabrication have been compared with
wrought 316L SS. The annealing heat-treatment
applied to AM-316L SS was intended to homogenize
the material and redissolve any chromium-rich
carbides that precipitated during the AM process.
The results of the SL EPR tests, measuring the
sensitivity of the as-deposited AM-316L NHT SS
suggested that the material had an increased
degree of sensitization compared to as-received
wrought 316L SS, in equivalent corrosive environ-
ments. Even after heat treatment, AM-316L SS was
still susceptible to reactivation. These results agree
with previous work on 316L SS produced using
PBF-L AM, LRM AM, and PM. Overall, it is difficult
to quantify the degree of sensitization in 316L SS
fabricated by different AM techniques due to differ-
ences in porosity, heat treatments, grain sizes, and
process histories of the materials. At best, it appears
that AM-316L SS exhibited corrosion resistance
similar to welded-type 316L SS materials, which
apparently contained enough chromium carbide
precipitation to cause sensitization in the environ-
ment tested. AM 316L SSs evidently exhibit slightly
lower corrosion resistance compared with wrought-
type 316L SSs. These results demonstrate that more
work needs to be performed to fully characterize SSs
produced by AM methods in order to allow direct
comparisons between different methods of fabrica-
tion, which can have variations in the feedstock
material, AM fabrication method, and instrument
process settings. The subsequent microstructure
can have significant effects on materials perfor-
mance, as we have shown here in the corrosion
properties of AM-316L SS.
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