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Abstract

Additive manufacturing (AM) is a class of material fabrication methods that has exciting
applications in the production of metal alloys such as austenitic stainless steels. In addition to
opportunities in material and energy use reduction, the AM process offers opportunities in
microstructure control and the refinement of mechanical properties such a strength, ductility, and
toughness. AM processes such as laser powder bed fusion (LPBF) and direct energy deposition
(DED) create materials with complex microstructures that tend to have spatial variations in
composition. As works on AM corrosion are limited, there is a motivation to understand the
electrochemical behavior of AM alloys such as 316L. This work is thus divided into three main

parts:

(1) A holistic assessment of corrosion phenomenology in AM 316L
(2) An investigation of the effect of LPBF processing parameters on the corrosion behavior
(3) An investigation of intergranular corrosion and sensitization behavior of heat-treated

LPBF 316L

The goal of the first part of this work is to gain a holistic view of understanding
electrochemical behavior in AM 316L with particular emphasis on localized/selective corrosion
due to the non-equilibrium microstructure of AM alloys. A range of testing environments were
utilized from boiling acidic solutions to chloride solutions that induce pitting corrosion. Whether
it is through the DED or LPBF process, local differences in elemental composition were observed
to be a driving force for preferential corrosion. Distinctions were also able to be established in
comparing the phenomenology between active and transpassive dissolution. Overall, it is it shown
how local chromium and molybdenum differences drive preferential corrosion whether it is in

respect to cellular dendritic structures in the LPBF material or ferrite in the DED material.



While the first part of the work emphasizes the effect of oxidizing behavior on AM
corrosion morphology, the second part explores the effect of LPBF processing parameters on
susceptibility to surface reactivation. The volumetric energy density (VED) was used as a tool to
explore variations in LPBF processing. The double loop potentiokinetic reactivation (DLEPR)
testing was used to make this comparison. While it was found that material printed at lower VED
favored global reactivation, it was ultimately found that the VED alone cannot be used as a tool in
predicting susceptibility to global reactivation. It was ultimately found that conditions that promote
rapid solidification lead to materials that have greater susceptibility to reactivation such as
materials printed at higher speed at constant VED.

Unlike the first two foci of the dissertation which explore corrosion in as-printed AM
material, the third portion focuses on a phenomenon that is relevant to stainless steels exposed to
elevated temperatures: sensitization and intergranular corrosion. Like the previous chapter, it was
found that VED alone is not adequate to predict susceptibility to sensitization and intergranular
corrosion. The deleterious effect of porosity and grain refinement is also established from this
study.

The work performed in these studies are of scientific and technological importance.
Stainless steels like 316L have diverse applications such as aerospace, naval, and biomedical. This
diversity is also reflected in the range of standardized testing environments that are used in
screening these alloys. This situation ultimately reflects a need to explore the electrochemical
behavior of these materials. In the area of LPBF processing, this work is relevant as complement
to other work that highlight the effect of processing on mechanical properties providing potential

to gain a more holistic understanding of in-service performances of these alloys. As there is great



motivation to implement post-processing techniques that involve exposure at elevated
temperatures, this work addresses a knowledge gap involving intergranular corrosion.
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1 Abstract

Additive manufacturing (AM) is a class of material fabrication methods that has exciting
applications in the production of metal alloys such as austenitic stainless steels. In addition to
opportunities in material and energy use reduction, the AM process offers opportunities in
microstructure control and the refinement of mechanical properties such a strength, ductility, and
toughness. AM processes such as laser powder bed fusion (LPBF) and direct energy deposition
(DED) create materials with complex microstructures that tend to have spatial variations in
composition. As works on AM corrosion are limited, there is a motivation to understand the
electrochemical behavior of AM alloys such as 316L. This work is thus divided into three main

parts:

(1) A holistic assessment of corrosion phenomenology in AM 316L
(2) An investigation of the effect of LPBF processing parameters on the corrosion behavior
(3) An investigation of intergranular corrosion and sensitization behavior of heat-treated

LPBF 316L

The goal of the first part of this work is to gain a holistic view of understanding
electrochemical behavior in AM 316L with particular emphasis on localized/selective corrosion
due to the non-equilibrium microstructure of AM alloys. A range of testing environments were
utilized from boiling acidic solutions to chloride solutions that induce pitting corrosion. Whether
it is through the DED or LPBF process, local differences in elemental composition were observed
to be a driving force for preferential corrosion. Distinctions were also able to be established in

comparing the phenomenology between active and transpassive dissolution. Overall, it is it shown



how local chromium and molybdenum differences drive preferential corrosion whether it is in
respect to cellular dendritic structures in the LPBF material or ferrite in the DED material.

While the first part of the work emphasizes the effect of oxidizing behavior on AM
corrosion morphology, the second part explores the effect of LPBF processing parameters on
susceptibility to surface reactivation. The volumetric energy density (VED) was used as a tool to
explore variations in LPBF processing. The double loop potentiokinetic reactivation (DLEPR)
testing was used to make this comparison. While it was found that material printed at lower VED
favored global reactivation, it was ultimately found that the VED alone cannot be used as a tool in
predicting susceptibility to global reactivation. It was ultimately found that conditions that promote
rapid solidification lead to materials that have greater susceptibility to reactivation such as
materials printed at higher speed at constant VED.

Unlike the first two foci of the dissertation which explore corrosion in as-printed AM
material, the third portion focuses on a phenomenon that is relevant to stainless steels exposed to
elevated temperatures: sensitization and intergranular corrosion. Like the previous chapter, it was
found that VED alone is not adequate to predict susceptibility to sensitization and intergranular
corrosion. The deleterious effect of porosity and grain refinement is also established from this
study.

The work performed in these studies are of scientific and technological importance.
Stainless steels like 316L have diverse applications such as aerospace, naval, and biomedical. This
diversity is also reflected in the range of standardized testing environments that are used in
screening these alloys. This situation ultimately reflects a need to explore the electrochemical
behavior of these materials. In the area of LPBF processing, this work is relevant as complement

to other work that highlight the effect of processing on mechanical properties providing potential



to gain a more holistic understanding of in-service performances of these alloys. As there is great
motivation to implement post-processing techniques that involve exposure at elevated

temperatures, this work addresses a knowledge gap involving intergranular corrosion.



2 Introduction
2.1 Background

2.1.1 The Additive Manufacturing of Metallic Alloys

Additive manufacturing (AM) is a family of 3-D printing techniques that allows for the
creation of geometrically complex structures. Techniques such as laser powder bed fusion (LPBF)
and direct energy deposition (DED) are forms of additive manufacturing in which materials are
fabricated by melting and rapid solidification. 3-D printing takes place due to the occurrence of
melting and solidification on a layer-by-layer basis allowing for the fabrication of geometrically
complex parts that are not produced from conventional casting techniques[1-3]. Additive
manufacturing also helps minimize the amount of post-process machining that is conventionally
done with wrought alloys allowing for savings in material waste and energy use[4—7]. Multiple
industries from aerospace to naval are currently looking into opportunities in using AM alloys [8—
10].

LPBF and DED are two forms of additive manufacturing that have been applied to the
fabrication of metallic alloys such as austenitic stainless, martensitic stainless steels, aluminum
alloys, and many other systems [1,3,9]. During LPBF, a high energy laser is applied to a powder
bed on a layer-by-layer basis to construct parts. In the case of DED, material in the form of wire
or powder is melted with a focused energy source and is deposited by nozzle on a surface [3,9].

Enthusiasm over the development of additive manufacturing has led to copious amounts of
studies across multiple alloy systems with emphasis on microstructure control and enhancement
of select mechanical properties. SLM alloys of various alloys such as titanium, aluminum, and

stainless steels have shown great refinement in mechanical properties such as ductility, strength,



hardness, and toughness[10-16]. The motivation to study AM materials is greatly enhanced due
to improvements in these properties compared to those of conventionally wrought alloys. While
the research in the mechanical properties is growing, corrosion studies are limited. It is well-known
in the AM community that AM materials have non-equilibrium compositional heterogeneities in
the microstructure[13,17,18]. The development of these structures in AM alloys provides

motivation to investigate localized corrosion mechanisms.

2.1.2 Stainless Steel Metallurgy and Solidification
Austenitic stainless steels such as 304L and 316L have garnered attention in AM due to

mechanical properties such as high strength and ductility[19-21]. 316L is a stainless steel that is
nominally composed of the FCC austenitic phase. Table. 1 provides the composition of stainless
316L[22,23]. As with all steels, 316L is alloyed with carbon which contributes to solid solution
strengthening. 316L, however, is designed to be a low-carbon stainless steel to mitigate issues such
as grain boundary sensitization and intergranular corrosion. Nickel is added as an austenitic
stabilizer which aids in the formation of the FCC phase. Manganese is also an austenitic stabilizer
and helps in improving hot working properties, strength, and toughness[22—24].

Table 2.1 Nominal composition of 316L stainless steel [22]

Element | Fe C Mn Si Cr Ni Mo p S N

Weight | Bal. 0.030 | 2.00 0.75 | 16.00- | 10.00- | 2.00- | 0.045 | 0.030 | 0.10

Percent max max max 18.00 | 14.00 | 3.00 max | max | max

Chromium and molybdenum are two alloying elements of great importance in the
corrosion-resistant properties of steels such as 316L [24,25]. Stainless steels have a minimum
chromium concentration of 16 wt.% due to the passivating effects of chromium[24]. In aqueous
environments such as seawater, a Cr20s film forms and acts as a passive film[24]. However, too

much alloyed chromium leads to the stabilization of the more brittle ferrite phase[24-27]. It is also
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well-known that aggressive anions such as chlorides can result in passive film breakdown and
result in forms of localized corrosion including pitting and crevice corrosion. Molybdenum
improves resistance to pitting and crevice corrosion in chloride containing environments[25,28].
In environments that promote active corrosion such as acidic solutions, molybdenum has also been
shown to decrease the uniform corrosion rate. Although chromium and molybdenum are known
to improve corrosion properties in environments such as seawater, these alloys can be deleterious
to the corrosion properties of these materials in environments that promote transpassive dissolution
such as fuming nitric acid [29-31].

Fig. 2.1 depicts a thermodynamic phase diagram that is important in predicting the phase
composition and the potential microstructure of austenitic steels like 316L. Using the orange line
as reference for the 316L effective composition, it clear that the austenitic phase is the expected
phase for these alloys at low temperatures though the presence of ferrite should not be surprising
due to the stability at higher temperatures [32]. In the case of LPBF processing, rapid cooling from
the liquid phase results in high cooling rates (~ >10° K/s) and small traces of ferrite have been
observed due to the limited amount of time at high temperatures that would promote the formation
of the ferritic phase [32—34]. Processes such as DED have lower cooling rates (~10° — 10* K/s),
creating for thermal conditions that may allow for the formation of the ferrite phase at high
temperatures [34]. Multiple studies performed for DED materials have recorded the formation of
skeletal and lathy ferrite such as that seen in traditional works on welding of stainless steel. Due
to the compositional differences that may result from AM processes especially in terms of critical
elements like chromium and molybdenum, issues of selective/localized corrosion become a

concern.
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Fig. 2.1. Fe-Ni-Cr phase diagram depicting stability of relevant phases in stainless steel grades
such 316L [36].
Solidification microstructure is controlled by solidification rate, cooling rate (R),

undercooling, temperature gradients (G), and concentration. The solidification behavior in turn
influences microstructural properties such as the size and shape of grains as well as the extent of
chemical segregation. During welding or casting, the resulting microstructure can be either
equiaxed, columnar, dendritic, or a combination due to the development of protrusions along the
solid-liquid interface. These solidification microstructures can be rationalized using solidification
theory[35-37]. According to this theory the ratio G/R controls the solidification microstructure
and as the ratio G/R decreases, a microstructure that is more compositionally heterogenous is
formed due to a lower degree of diffusional mixing in the liquid phase. Compositionally
heterogenous microstructural features such as cellular dendrites tend to form at higher
solidification velocities and lower temperature gradients. Fig. 2.3 shows TEM micrographs and
EDS maps of these cellular structures and highlights compositional heterogeneities as well as
dislocation arrangements that exist in LPBF stainless steel though multiple works have reported
these heterogeneities [32,38].

The volumetric energy density (VED) is a parameter that is often used in additive

manufacturing to describe the energy input in an AM build [9]. The VED is defined by the



following equation where P is the laser power, v is the scan speed, h is the hatch spacing, and t is

the layer thickness:

VED = il
"~ vht

Although multiple studies have criticized limitations of VED in predicting material features
such as porosity, mechanical properties, and grain size, generalizations are able to be made[39—
41]. For example, materials printed with low VED tends to lead to materials with high porosity
due to incomplete melting of powder or incomplete fusion of material during the liquid state
[11,21]. At high volumetric energy densities, the formation of key-hole porosity may lead to
materials that are not fully dense [1,3,9,42]. Nevertheless, the discussion of these parameters
highlights the importance of AM processing in resulting microstructure and properties.

Although there are dramatic differences between traditional welding and SLM, there is
overlap in the two processes due to solidification being the main origin of microstructure control.
The solidification process leads to complexities in the microstructure such as composition
heterogeneities, which can lead to non-uniform corrosion. These fundamentals of solidification

are important in understanding SLM microstructure and its effect on localized corrosion.



Cellular

Cellular
Dendrite

Planar

-

Finer
structure

High G*R

Columnar

d Dendrite
243
Equiaxed Dendrite ++

Solidification Rate, R

Temperature Gradient, G
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Fig. 2.3. HAADF and STEM-EDS maps of cellular structures in LPBF 316L [38].
2.1.3 Sensitization and Intergranular Corrosion
In addition to pitting corrosion, another point of concern in steels such as 304 and 316L is

intergranular corrosion due to grain boundary sensitization. Mostly an issue in welding,
sensitization takes place during prolonged periods at a range of 450°C —800°C in which chromium
carbides (Cr23Ce) preferentially form at the grain boundaries[43-45]. The formation of these
carbides results in chromium depletion at areas adjacent to the grain boundaries. This depletion
results in localized galvanic coupling between the chromium depleted region and the matrix[46—
48]. Intergranular corrosion leads to significant mass loss in a material due to grain fall out from

9



grain boundary attack in corrosive media. Under mechanical loading, sensitization can lead to
intergranular stress corrosion cracking (IGSCC) [48-50]. Fig. 2.4 Shows a cross-sectional image
of type 304 steel that has undergone intergranular corrosion [51].

Alloying allows for mitigation against sensitization and intergranular corrosion. Steels
such as 304L and 316L are contain relatively low amounts of carbon. This low carbon content
assists in delaying the intergranular formation of chromium carbides. Alloying elements such as
titanium and niobium are implemented in some stainless steels to form their respective carbides
and compete with chromium carbide precipitation[47]. Although it leads to greater resistance to
pitting corrosion, the presence of nitrogen in stainless steels (and even duplex stainless steels) can
also lead to sensitization due to the formation of chromium nitrides[21,52]. Chromium nitride
formation also results in a chromium-depleted region that would make an alloy susceptible to
localized corrosion[47,48,53,54].

Microstructural features dictate an alloy’s susceptibility to sensitization and intergranular
corrosion. Although grain refinement is known to improve material strength and durability, studies
of sensitization on stainless steels have shown an inverse relationship between grain size and
susceptibility to grain boundary sensitization, i.e., smaller grained stainless steels are more
susceptible to sensitization [55,56]. Smaller grains also lead to a damage morphology with a higher
amount of grain-fall out [47-48]. At the same time, some studies have shown that smaller grain
sizes lead to a lesser degree of chromium depletion. Studies investigating the effect of grain
orientation have shown that low angle grain boundaries, twin boundaries, and CSL grain
boundaries tend to be more resistant to sensitization compared to high angle grain boundaries[57—
60]. An increase in the amount of cold work leads to a higher degree of intragranular precipitation

of carbides due to preferential nucleation at dislocations [50,61,62].
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Fig. 2.4. Cross sectional image of type 304 steel that has undergone intergranular corrosion
[43].
2.1.4 AM Microstructure and Preliminary Corrosion Results
The microstructure of AM alloys is different and more complex from those of

conventionally wrought stainless steels. Grain size reduction with respect to the wrought
counterpart is one signature of SLM alloys. LPBF 316L, for example, has a grain size of 10 um
while a grain size of 30-60 um is common for conventionally wrought 316L[63]. In terms of the
grain structure, elongated grains are observed along the build direction while columnar grains are
observed orthogonal to the build direction[1,17,64,65]. Increased surface roughness and porosity
are also observed in SLM alloys[66,67]. In conventionally wrought 316L, MnS inclusions have
been known to be initiators for pitting corrosion. In LPBF 316L, these MnS inclusions are
substituted with Mn-Si oxides and have resulted in reduced pitting susceptibility[47,55,68]. A
decrease in the repassivation potential has been observed for LPBF 316L with greater porosity[58].
Nevertheless, multiple studies have discussed the deleterious nature of AM porosity to
susceptibility to localized forms of corrosion such as crevice and pitting corrosion [68,69].

Solute segregation is an issue with solidification-based processing such as welding and
SLM. Cellular structures have been observed in the characterization of SLM alloys. For example,
in Al-Si-Mg alloys, silicon-rich cell structures are observed which leads to localized galvanic
coupling[16,70,71]. In the case of stainless steels, cellular structures are observed with Mo or Cr

enrichment at the cell boundaries. Such behavior was attributed to inhomogeneities in solute
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distribution. Although multiple works have reported that the corrosion behavior of SLM 316L is
enhanced compared to the wrought material, other works have also reported that the SLM material
has worse performance in comparison to the wrought material [69,72—74].

Previous works have qualitatively reported observations of selective corrosion in additively
manufactured alloys. In testing the behavior of LPBF materials by galvanostatic etching, for
example, selective corrosion was observed to take place at the melt pool boundaries and cellular
dendritic interiors though crystallographic dissolution was observed in the case of the wrought
counterpart [75,76]. Other work has also found differences in corrosion behavior from different
parts of the build and has been attributed to spatial variations in thermal conditions [76]. In
comparing relative susceptibility to passive film breakdown in acidic, reducing environments, it
has been found that materials with lower volumetric energy densities have greater susceptibility
[77]. Little is known about intergranular corrosion in these additively manufactured alloys, but
multiple works have reported that AM alloys are more susceptible while other works have reported
that the AM counterpart is less susceptible [75-78].

Other microstructural features are worthy of noting in SLM materials although extensive
corrosion studies on these other features have not been conducted. Surface roughness is
particularly high since it is in the range of 10 — 30 um and is higher than one would receive from
methods such as milling[79]. The rapid cooling rates and uneven heat distribution leads to the
generation of residual stresses in SLM materials[14,17,80]. X-ray methods have shown that
stresses tend to be compressive at the bottom of the build and tensile at the top of the build [65].

At the length scale range of 70-100 nm, complex dislocation networks have been observed [65].
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The high dislocation density in SLM materials have been proposed to be one of the mechanisms

for strengthening in SLM 316L as well as other alloys [65].

2.2 Key Unresolved Issues
Works on AM corrosion have primarily been focused on behavior in chloride solutions

especially in relation to pitting and crevice corrosion [42,78,81,82]. However, work focusing on
the corrosion behavior of AM in a broad range of environments, such as ones focused on behavior
under transpassive conditions, is lacking in the literature. Therefore, there is motivation to further
understand AM behavior in a broad range of environments and understand selective corrosion
regarding the non-equilibrium microstructure of AM materials.

Within the literature, there seems to be inconsistency in the comparison between wrought
and AM LPBF corrosion behavior. Some works may present the additive counterpart as more
resistant to pitting corrosion [72], while others have reported the wrought material as more
resistant. It is clear from the literature that the processing parameters have a significant impact on
the microstructure and mechanical properties of AM materials. However, little work has been
performed that investigates the effect of AM processing on corrosion properties.

In the area of intergranular corrosion and sensitization, there is very little work that has
been performed that investigates the phenomena. Due to the prospects of using post-processing
techniques such as hot isotactic pressing (HIP), there is value in understanding the effects of
thermal processing on AM corrosion[1,3,9,20]. Sensitization and susceptibility to intergranular
corrosion may be a consequence from thermal treatments and there is therefore a need to
understand the mechanism of IGC in AM alloys as well as recognizing trends between processing

parameters and sensitization/IGC susceptibility.

2.3 Objectives
Given these knowledge gaps, this dissertation has the following objectives:
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e To compare the corrosion behavior between additively manufactured 316L to
conventionally wrought 316L across a broad range of environments

e To understand the behavior of LPBF and DED 316L in a broad range of
environments and relate corrosion behavior to the underlying non-equilibrium
microstructure

e To understand the relationship between LPBF processing and susceptibility to surface

activation and localized corrosion

To understand 1IGC phenomenology in heat treated LPBF alloys and to understand

the relationship between LPBF processing and sensitization/IGC susceptibility

2.4 Thesis Organization
Chapter 3 focuses on the LPBF and DED microstructure from the rapid solidification

process and establishes a framework for predicting corrosion morphology based on environmental
conditions. The main theme of this chapter is the distinction between active corrosion and
transpassive dissolution. There is emphasis on how these varying environmental conditions affect
selective corrosion in these varying AM processes. Environments that are relevant in the area of
standardized testing are used to test hypotheses relevant to the compositional nature of cellular
dendritic structures.

Chapter 4 focuses on the effect of LPBF processing on the localized corrosion
susceptibility of LPBF 316L. Whereas Chapter 3 investigated the behavior of LPBF across a broad
spectrum of environments and electrochemical potentials, corrosion behavior in chapter 3 will
focus on the active behavior of LPBF 316L through the double-loop potentiokinetic reactivation
rest in sulfuric acid and potassium thiocyanate. The concept of volumetric energy density is
utilized to study the effect of LPBF laser parameters such as laser power and speed on

susceptibility to global surface reactivation. As the DL-EPR technique is traditionally used in
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studying the susceptibility of stainless steels to intergranular corrosion, a series of modifications
to the DL-EPR technique were performed in order to further expand its utility in this work.
Chapter 5 focuses on intergranular corrosion and sensitization phenomena in LPBF 316L.
Whereas the previous two chapters focused on the behavior of as-built LPBF material, this chapter
focuses on the corrosion behavior of LPBF 316L after exposure to thermal conditions that are
known to induce grain boundary sensitization in wrought 316L. In addition to describing the
phenomena of LPBF 316L intergranular corrosion, the effect of processing parameters on
sensitization/IGC susceptibility was investigated. The validity of traditional mass-loss testing and
potentiodynamic testing in application to sensitized LPBF alloys were assessed in this chapter.
Additionally, the dissertation from time to time will incorporate orientation in regards to
the additive manufacturing process. Fig. 2.5 shows the convention that will be used in this
dissertation when discussing the build direction. The build direction is referred to as the direction
in which the material grows after the addition of powder and laser treatment. When talking about

LPBF materials, surfaces will be either be referred to as parallel or normal to the build direction.

+z

Build Direction

Y

/

/

Laser beam moving direction

+X

Fig. 2.5. Schematic highlight the build direction in regard to LPBF processing. In this schematic,
as material is growing in the +z direction, the build direction is parallel to the +z direction. The
scan direction will then be in the plane that contains the +x and +y directions.

The appendix shows published works that discuss observations of localized corrosion on LPBF
316L.
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3 Overview of Corrosion Phenomenology in Additively Manufactured 316L

3.1 Abstract
Additive manufacturing of metallic alloys like 316L have presented opportunities in the

construction of complex geometries, control of microstructure, and the refinement of mechanical
properties. This study is focused on corrosion phenomenology in additively manufactured 316L
fabricated through direct energy deposition (DED) and laser powder bed fusion (LPBF). By testing
across a broad array of oxidizing environments, the impact of local compositional differences due
to the additive process was understood. Additionally, phenomenological distinctions between
active dissolution and transpassive dissolution were able to be constructed regarding LPBF and
DED 316L. Ultimately, observations of preferential corrosion were connected to the segregation

of the critical corrosion suppressing elements chromium and molybdenum.

3.2 Introduction

Additive manufacturing technology such as laser powder bed fusion (LPBF) and direct
energy deposition (DED) are methods of great interest due to opportunities in material
conservation as well microstructure control and the improvement of mechanical properties[1-6].
LBPF uses a high-energy laser to melt powder on a build plate which undergoes rapid solidification
whereas DED uses a laser to melt material (wire or powder) which is then directly deposited
through a nozzle [1,7]. These fabrication methods involve melting followed by rapid solidification
and usually result in the formation of complex, non-equilibrium microstructural features such as
cellular dendritic structures [5,8-10]. There is also motivation in applying these technologies to
the fabrication of austenitic stainless steel such as 316L to refine properties such as strength,
ductility, toughness, and corrosion resistance [2,4,6,11-13].

Most work on AM corrosion have been focused on pitting corrosion and usually focus on

structural features such as lack-of-fusion porosity and residual stress [1,14-16]. Dramatic
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differences in cooling rates develop during the solidification process for both DED (103-10* K/s)
and LPBF (>10° K/s) [17-19]. The compositional differences associated with these microstructural
features provide motivation to understand the electrochemical behavior of these structures as well
as how corrosion phenomenology varies with electrochemical conditions. Previous work on LPBF
316L have shown how preferential dissolution takes place along melt pool boundaries and the
interior of the cellular dendritic structures in ammonium persulfate, hydrochloric acid, and sulfuric
acid environments [16,20-27]. Due to the broad application of stainless steels and the diversity of
environments that are used in standardized corrosion testing, it is important to broaden the
discussion of AM corrosion phenomenology to various environmental and electrochemical
conditions. For example, while lower potentials in acidic solutions may promote active corrosion,
the application of higher potentials may promote transpassive dissolution and therefore a
potentially different corrosion mechanism [28-30].

This manuscript is focused on the electrochemical behavior of additively manufactured
316L across a wide array of testing environments of varying oxidizing behavior. Environments
such as boiling nitric acid and ferric chloride were chosen due to the widespread use of these
chemical environments in the standardized testing of wrought austenitic stainless steels [31-33].
Whether it is through laser powder bed fusion or direct energy deposition, the solidification process
results in complex microstructural features and it is critical to determine how these features dictate
selective corrosion behavior, particularly in the test environments that are used as defaults for
stainless steels. Proposed hypotheses involving the role of composition and dislocation structures
are further tested by using characterization methods and validated through comparison of
electrochemical behavior between wrought steels that have varying compositions and different

degrees of dislocation density reflective of AM microstructural features. By performing these tests,
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a main goal of this study is to propose holistic mechanisms of selective corrosion in additively

manufactured 316L while comparing behavior to the conventionally wrought counterpart.

3.3 Experimental
3.3.1 Material Information and Preparation for Electrochemical Testing

AISI 316L powder manufactured by EOS with a particle size distribution of 10-53 um was
used for the following build. Samples were printed with dimensions of 20 mm x 20 mm x 60 mm.
The 20 mm x 20 mm base was oriented perpendicular to the build direction. As post-processing
techniques such as hot-isotactic pressing and stress relieving were not performed, all LPBF
material used in this chapter were tested in the as-built state. It should also be noted that the
following set of build parameters were considered to be default by the system manufacturers. Table
3.2 shows the build parameters for the LPBF material.

DED 316L was fabricated by using a commercial M450 Meltio printer. The feedstock was
a 316L wire with a 0.9 mm diameter and the build atmosphere was high purity argon. The
following scan parameters were used: a total power of 800 W, a travel speed of 7 mm/s, a
deposition rate of 16.31 mml/s.

Wrought AISI 316L and 317L from North American Stainless were used for comparison.
Table 3.1. shows the composition of the wrought material and the powder used for the LPBF

process.
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Table. 3.1. Composition of Wrought, LPBF Material, and DED Material.

Element Analysis Wrought Wrought 317L | LPBF Process | DED
Method 316L Composition Powder Process

Composition | (Wt. %) Composition Material
(Wt. %) (Wt. %) Composition

Fe - Balance Balance Balance Balance

Cr ICP 16.7 18.26 18.62 16.8

Ni ICP 10.2 11.5 14.04 11.0

Cu ICP <0.1 <0.1 <0.1 <0.1

Mn ICP 1.99 1.85 1.65 1.95

Si ICP 0.86 0.52 0.37 0.32

Mo ICP 1.99 3.01 2.77 2.30

C Combustion | 0.006 0.003 0.007 0.002

S Combustion | 0.006 0.008 0.005 0.004

P ICP <0.010 <0.010 <0.010 <0.010

N Fusion 0.04 0.08 0.07 -

Table 3.2. LPBF 316L Processing Parameters for LPBF Material

LPBF Material

Power (W) 195

Scan Speed (mm/s) 1083
Hatch Distance (mm) 0.09
Layer thickness (mm) 0.02

Volumetric
(I/Imm?®)

Energy Density | 100

Gas Environment

Argon

3.3.2 Microstructure Characterization

Electron backscatter diffraction (EBSD) was performed to construct grain and phase maps

of LPBF material. A Thermo Scientific Scios DualBeam™ was used to obtain EBSD maps.

A Themis 60-300 kV transmission electron microscopy of LPBF material was performed.

STEM-EDS was used to construct compositional maps. High angle annular dark field imaging was

utilized to investigate the dislocation structures of LPBF material.

A Quanta 650 scanning electron microscope was used to characterize corrosion surfaces

after electrochemical testing. Secondary imaging was used to investigate corrosion surfaces.
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Energy dispersive spectroscopy was used in characterizing the corrosion morphology of DED

material to identify elemental distribution.

3.3.3 Behavior in Sulfuric Acid Environments

The active behavior of LPBF 316L, DED 316L, wrought 316L, and wrought 317L in 1 M
H>SO4 was investigated with the addition of 0.01 M KSCN. Potassium thiocyanate was added due
to how it induces active corrosion on the surface of Fe-Ni-Cr alloys [34,35]. Samples were ground
to 1200 grit. To investigate the effects of residual stress on bulk active behavior, a scan was also
performed for solution-annealed wrought 316L and compared to the behavior of as-built wrought
316L. Scanning electron microscopy was performed to assess corrosion morphology for all
materials with exception of wrought 317L and solution-annealed wrought 316L.

The transpassive behavior of LPBF 316L, DED 316L, wrought 316L, and wrought 317L
in 1 M H2SO4 was investigated through potentiodynamic scanning. Samples were ground to 1200
grit. After an open circuit potential hold for 30 minutes, the working electrode was scanned from
0.05 V below the open circuit potential to 1.2 V vs. SCE. Scanning electron microscopy was
performed to assess corrosion morphology.

Zero resistance ammeter was performed to investigate the galvanic relationship between
wrought 316L and 317L under active conditions in 1 M H2SO4 and 0.01 M KSCN. The galvanic
current and potential were recorded for an exposure time of 24 hours. In the experimental set up,

wrought 316L served as the working electrode.

3.3.4Mass Loss Testing in Boiling Acid Solutions
Due to the use of boiling acid environments in certain standardized tests, two boiling acid
mass-loss experiments were performed. Both testing environments environments as well as the

overall experimental set up were derived from ASTM A-262 [31]. Table 3 shows the amount of
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reagent used for each boiling test while Table 4 shows the weight percent of reagent used in each

boiling test. An Erlenmeyer flask with solution was heated with a hot plate. Teflon tape and glass

cradles were used to suspend the samples during the boiling test. Boiling chips were added to the

solution to promote boiling. A reflux system was developed by using an Alihin condenser to

promote the condensation of vapors back into the liquid phase and maintain acid concentration

constant. Teflon and vacuum grease were placed along the interface of the condenser and the neck

of the flask to create a tight seal. In both testing environments, the hot plate was used to promote

boiling. Solution was checked in 12-hour increments to make sure there was little to no decrease

in solution volume.

Table 3.3. Amount of reagent used in boiling test solutions.

Solution 1 (Provided by ASTM A262

Solution 2 (Provided by ASTM A262

Practice B) Practice C)
Reagent Reagent Amount Reagent Reagent
Amount
Deionized water | 472 mL Deionized water 108 mL
(H20) (H20)
Concentrate
Sulfuric Acid 800 mL
(H2S0.)
70 wt.% Nitric Acid 1000 mL
Ferric  sulfate | 50.0 grams (HNO3)
hexahydrate
(Fe2(SO4)3  *
6H20)
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Table 3.4. Weight percent of reagents in boiling test solutions.

Solution 1 (Provided by ASTM A262 Solution 2 (Provided by ASTM AZ262
Practice B) Practice C)
Reagent Composition Reagent Composition
(Weight Percent) (Weight
Percent)
Water 47.3 Water 35
(H20) (H20)
Sulfuric Acid
(H2S04) 50.4
Nitric Acid 65
(HNO3)
Ferric sulfate | 2.3
Fe2(S04)3

For all boiling tests, samples of approximate dimensions 20 mm x 20 mm x 2.5 mm were
prepared. In the case of LPBF samples, the 20 mm x 20 mm square base is oriented perpendicular
to the build direction. All faces were ground to a finish of 1200 grit with SiC paper Mass loss was
recorded by measuring the mass before and after exposure to boiling acid solutions for 48 hours.
Mass loss is expressed in units of mm/year and was calculated by the following standard formula

[31]. Post-test scanning electron micrographs were taken.

87660W
Atd

Corrosion Rate = Equation 1

Corrosion rate is in units of mm/year, W is mass loss in grams, A is area in cm?, t is
exposure time in hours and d is the density of 316L in units of g/cm?. In the case of chromium-

nickel-molybdenum steels, a density value of 8 g/cm? was used.
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3.3.5 Behavior in Chloride Environments

Wrought and LPBF 316L ground to 1200 grit with SiC paper. Samples were mounted in
epoxy and were allowed to cure for a minimum of 12 hours. Samples were tested in a 0.6 M NaCl
solution at room temperature. After exposure under open circuit conditions for 15 minutes, a
potentiostatic hold was performed at 0.6 V vs. SCE for 600 seconds and the current was recorded.
Additionally, scanning electron microscopy was performed with specific attention towards pit
morphology.

To investigate the transpassive behavior of 316L in sodium chloride, a potentiostatic hold
was performed at 1.65 V vs. SCE for 600 seconds for both wrought and LPBF 316L. The current
was recorded and post-test scanning electron micrographs were obtained.

Full-immersion testing in 6 wt.% ferric chloride was performed as provided by ASTM G-
48 [33] for wrought and LPBF 316L. Samples were ground to 600 grit and were immersed in the
ferric chloride solution for 72 hours. In addition to recording mass loss, scanning electron
micrographs of corrosion pits were taken. Chloride experiments were only performed for wrought

and LPBF 316L.

3.4 Results

The results section are organized by describing corrosion phenemonology in sulfuric
environments and a distinction is made for behavior at high potentials and low potentials. In order
to determine the effect of local differences in dislocation density and composition, the behavior of
wrought alloys that captured local compositional differences were then tested. Electrochemical
results for the DED material is described in a way that discusses the effect of local changes in

composition. Lastly, behavior in relevant boiling acid solutions and chloride environments is
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discussed in a way that makes a distinction in corrosion morphology between low and high

electrochemical potentials.

3.4.1 Potentiodynamic Behavior in Sulfuric Acid Environments

Fig. 3.1 shows polarization scans of wrought and LPBF 316L in 1 M H2SO4 and 0.01 M
KSCN. It is observed that the measured current for wrought material is larger than that of the LPBF
316L throughout the active range (~-0.4 V(SCE) to ~-0.15 VV(SCE)) above which there is a drastic
drop in current due to passive film formation. It is also observed that the passive current for the

LPBF material is greater than that of the wrought material.
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0.3+ [——LPBF |

0.2—-
011
0.0—-
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10° 10° 10* 10°® 10° 10" 10° 10°

Current Density (mA/cm?)

Fig. 3.1. Polarization scan of wrought and LPBF 316L in 1 M H2SO4 and 0.01 M KSCN.

Fig. 3.2 shows post-test micrographs of wrought and LPBF 316L after potentiodynamic
testing in 1 M H>SO4 and 0.01 M KSCN. Crystallographic attack is seen to be taking place for the
wrought material. In the case of the LPBF material, its honeycomb-like structures are seen which

show the preferential dissolution of the interior of cellular dendritic structures.
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Fig. 3.2. Surface of wrought (a) and LPBF (b) 316L after potentiodynamic scanning in 1 M
H2SO4 and 0.01 m KSCN for 24 hours. There is a difference in scale to highlight the cellular
structures in the LPBF material.

Fig. 3.3 shows crystallographic attack in wrought material (Fig. 3.3a) and cellular core

attack in LPBF 316L material (Fig. 3.3b) after full immersion in 1 M H>SO4 and 0.01 M KSCN

for 24 hours under open circuit conditions.

@) 0
Fig. 3.3. Surface of wrought (a) and LPBF (b) 316L after full immersion in 1 M H2SO4 and 0.01
m KSCN for 24 hours. There is a difference in scale to highlight the cellular structures in the
LPBF material.

Fig. 3.4. shows polarization scans of wrought and LPBF 316L in 1 M H>SOg. Differences
in behavior are seen near the open circuit potential as there appears to be small active nose in the

case of the wrought material. Nevertheless, there is great similarity in the passive current densities
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for both materials. At approximately 900 mV vs. SCE, there is an increase in the measured current
though the two currents remain nearly the same with an increase in potential. At approximately 1
V vs. SCE, the currents diverge from each other and the current of the LPBF material is seen to be

higher.
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Fig. 3.4. Potentiodynamic scan of wrought and LPBF 316L in 1 M H2SOa.

Fig. 3.5 shows the post-test micrographs for wrought (Fig. 3.5a) and LPBF 316L (Fig.
3.5b.) after testing in 1 M H>SOa4. For the wrought material, the dissolution is relatively uniform
although there is some localized attack that takes place along a grain boundary. For the LPBF
material, straw-like structures are observed signifying preferential attack of cellular dendritic

walls.

29



@
Fig. 3.5. Scanning electron micrograph of wrought (a) and LPBF (b) 316L after
potentiodynamic testing in 1 M HSOa.

3.4.2 Characterization of LPBF Material

Fig. 3.6 shows the grain and phase maps for LPBF 316L. The grain map (Fig. 3.6a) shows
the grain structure of the LPBF material and shows elongated grains along the build direction. In
the case of the phase map (Fig. 3.6b), it is seen that there is very little to no ferrite in the material

indicating that the material is indeed nominally austenitic.

Grain Map Phase Map

(@) (b)

Fig. 3.6. Grain map (a) and phase map (b) of LPBF 316L obtained through electron
backscatter diffraction. Black arrows point to areas of the ferritic phase.
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Fig. 3.7 shows STEM micrographs of cellular structures of LPBF 316L through high-
angular annular dark-field imaging. HAADF imaging shows that there is a higher dislocation
density at the cellular boundary im comparison to the interior. Energy dispersive spectroscopy
shows depletion of iron and enhancement of chromium along cellular boundaries. Fig. 3.7b -3.7f
are plots composition as a function of position along the red arrow drawn. At approximately 250
nm, it is seen that there is clear depletion of iron along the cellular boundaries. It is also seen that

there is an enrichment of chromium, molybdenum, and nickel along the cellular boundaries.
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Fig. 3.7. HAADF image (a) of cellular structure in LPBF 316L. EDS maps of (b) Fe, (c) Cr, (d)

Mo, (e ) Ni, and (f) Mn are also shown. The compositional profile (g) is shown for the line
represented in the HAADF image.
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3.4.3 The Effects of Compositional Variations on Stainless Steel Electrochemical Behavior

Fig. 3.8 shows potentiodynamic scans for wrought 316L and 317L in 1 M H2SO4 and 0.01
M KSCN. Active dissolution can be observed of at a range -0.4 to -0.2 V vs. SCE. The current in
the active range is consistently higher for the 316L variant. It is also seen that the passive current

densities are nearly equivalent for the two materials.
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Fig. 3.8. Polarization scan of wrought 316L and 317L in 1 M H>SO4 and 0.01 M KSCN.

Fig. 3.9 shows the zero resistance ammeter results in testing the galvanic interaction
between wrought 316L and 317L. In this experimental set up, the 316L was set up to be the
working electrode. In Fig. 3.9a, current is reported to be positive for the entire 24-hour hold,
showing that the 316L is anodic with respect to the 317L. Fig. 3.9b shows the evolution of the

coupling potential and how it rises steadily with time.
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Fig. 3.9. Coupling current between 316L and 317L after zero resistance ammeter for 24 hours.

Experiments were performed comparing on 317L in comparison to 316L to rationalize the
effect of the observed compositional differences on selective corrosion in AM materials. Fig. 3.10
shows potentiodynamic scans for wrought 316L and 317L in 1 M H2SOs4. Anodic dissolution can
be observed of in the range from -0.4 to -0.2 V vs. SCE. The maximum current density is higher
for 316L. At an approximate range -0.2 V to 1.0 V vs. SCE, the currents nearly converge with each
other through the passive range and the early stages of transpassive dissolution. Above a potential
of 1 V vs. SCE, the electrochemical behaviors diverge, and the current for 317L is higher than that

observed in 316L.
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Fig. 3.10. Polarization scan of wrought 316L and 317L in 1 M H,SO4.

3.4.4 The Effects of Residual Stress on Electrochemical Behavior

Fig. 3. 11 shows polarization scans of as-received and annealed wrought 316L in 1 M
H2SO4 + 0.01 M KSCN. The two polarization scans show that there is very little difference in
potentiodynamic behavior between the two wrought variants. This observation is consistent in both
the approximate range of active dissolution (-400 to -150 mV vs. SCE) and the passive region (-

150 to 300 mV vs. SCE). It is also noted that the as-received wrought material was cold worked.

35



Plate (As-Built)
— Plate (Annealed

0.2 4

0.0

Potential (V vs. SCE)

-0.2 4

0.4 : - : T T
10" 10° 10% 10" 10° 10

Current Density (mA/cm?)

Fig. 3.11. Polarization scan of wrought 316L in the as-built and annealed state in 1 M H2SO4
and 0.01 M KSCN.

3.4.5 Electrochemical Behavior of DED 316L

Fig. 3.12 shows the microstructure for DED material on a polished surface. The surface is
parallel to the build direction. EBSD imaging (Fig. 3.12b) shows the presence of both ferritic and
austenitic phases. EDS compositional analysis shows how the austenitic phase is rich in nickel

while the ferritic phase is enriched in chromium and molybdenum.
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Fig. 3.12. Phase map (a) of DED material from EBSD imaging. Compositional maps of Cr (b),
Ni (c), and Mo( d) from SEM-EDS are also shown.

Fig. 3.13 shows the polarization behavior of wrought and DED 316L in 1 M H,SO4 and
0.01 M KSCN. Although there are great similarities in the active behavior, it seen that the passive
current in the DED material is initially lower than that of the wrought material and then increases

to and becomes higher than that of the wrought in the passive regime.
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Fig. 3.13. Polarization scan of wrought and DED 316L in 1 M H>SO, and 0.01 M KSCN.

Fig. 3.14 shows post-test micrographs of DED 316L after potentiodynamic testing in 1 M

H>SO4 and 0.01 M KSCN. It is seen that the austenitic matrix undergoes preferential dissolution

in comparison to the skeletal-like ferrite in the material.

(a)

Fig. 3.14. Surface of DED 316L at (a) 500X and (b) 2500X magnification after potentiodynamic

scanning in 1 M H>SO4and 0.01 m KSCN.
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Fig. 3.15 shows the EDS maps for this corroded surface and further confirms that the matrix
undergoes preferential corrosion and is lower in chromium (Fig. 3.15¢) and molybdenum (Fig.
3.15d) while being rich in iron (Fig. 3.15b) and nickel (Fig. 3.15e) relative to the ferrite islands.

The manganese signal (Fig. 3.15f) is relatively constant throughout the map.
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Fig. 3.15. Corresponding SEM micrograph (a) and compositional SEM-EDS maps for (b) Fe,
(c) Cr, (d) Mo, (&) Ni, and (f) Mn after potentiodynamic testing in 1 M H2SO4 and 0.01 M
KSCN.

um

Fig. 3.16 shows the polarization behavior of wrought and DED 316L in 1 M H2SOa. The
open circuit potential of the DED material is higher than that of the wrought counterpart. Although
the passive behavior is similar for both the wrought and DED material, the current density of the

DED material exceeds that of the wrought material in the transpassive regime.

39



—— Wrought 316L
—— DED 316L

14 —
12-
10-
0.8 —
0.6 —
041

0.2 4

Potential (V vs. SCE)

0.0 1

-0.2 1

0.4

Current Density (mA/cm?)

Fig. 3.16. Polarization scan of wrought and DED 316L in 1 M H2SOa.

Fig. 3.17 shows post-test micrographs of DED 316L after potentiodynamic scanning in 1
M H>SO4 and reveals that unlike the situation in sulfuric acid and thiocyanate, the skeletal-like

ferritic features undergo preferential attack.

Fig. 3.17. Surface of DED 316L at (a) 500X and (b) 2500X magnification after potentiodynamic
scanning in 1 M H2SOg.
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Fig. 3.18. shows the EDS maps of the surface of the DED 316L material after polarization
in 1 M H2SOs. While the features that underwent preferential corrosion have lower x-ray signals
iniron (Fig. 3.19b), molybdenum (Fig. 3.19d), and nickel (Fig. 3.19¢), there is little to no decrease

in the chromium (Fig. 3.19c) and manganese (Fig. 3.199) signals.
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Fig 3.18. Corresponding SEM micrograph (a) and compositional SEM-EDS maps for (b) Fe,
(c) Cr, (d) Mo, (e) Ni, and (f) Mn after potentiodynamic testing in 1 M H2SOa.

3.4.6 Boiling Acid Mass Loss Test Results for LPBF 316L
Fig. 3.19 shows the mass loss results after testing wrought and LPBF 316L in boiling
sulfuric acid and ferric sulfate for 48 hours. It is seen that the corrosion rate for the wrought

material is higher than that of the LPBF material by approximately a factor of two.
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Fig. 3.19. Mass loss results for wrought and LPBF 316L after testing in boiling sulfuric acid and
ferric sulfate for 48 hours.

Fig. 3.20 shows the micrographs of wrought (Fig. 3.20a and Fig. 3.20b) and LPBF 316L
(Fig. 3.20c and Fig. 3.20d) surfaces after testing in boiling sulfuric acid and ferric sulfate for 48
hours. The corrosion morphology of the wrought material is uniform and this was additionally
confirmed with white light interferometry. In the case of the LPBF material, preferential

dissolution takes place in the core of the cellular structures.
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Fig. 3.20. Post-test micrographs for wrought 316L at (a) lower and (b) higher magnfication
after testing in boiling sulfuric acid and ferric sulfate for 48 hours. Micrographs for LPBF 316L
at (c) lower and (d) higher magnification are also shown.

Fig. 3.21 shows the mass loss results after testing wrought and LPBF 316L in boiling 65
wt.% HNOg3 for 48 hours. It is seen that the corrosion rate for the wrought material is higher than

that of the LPBF material.
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Fig. 3.21. Mass loss results for wrought and LPBF 316L after testing in boiling nitric acid for
48 hours.
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Fig. 3.22 shows the micrographs testing wrought and LPBF 316L surfaces after testing in
boiling nitric acid for 48 hours. For the wrought material (Fig. 3.22a and Fig. 3.22b), while there
are some pit-like structures within the grains, the attack is mostly uniform. In the case of the LPBF
material (Fig. 3.22c and Fig. 3.22d), straw-like structures are seen suggesting the corrosion of

cellular dendritic walls.

(b)

(© (d)

Fig. 3.22. Post-test micrographs for wrought 316L after testing in boiling 65 wt.% HNOs3 for 48
hours. Micrographs are shown for the wrought material at (a) lower and (b) higher
magnification. Micrographs are also shown for LPBF material at (c)lower and (d) higher
magnification.
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Fig. 3.23 shows mass loss data for wrought and LPBF 316L after immersion in 6 wt.%
FeClI3 for 72 hours. Mass loss values are seen to be higher in the wrought counterpart by greater

than an order of magnitude.

Mass Loss (g/cm?)

Wrought LPBF

Fig. 3.23. Mass loss for wrought and LPBF 316L after testing in 6 wt.% FeCls for 72 hours.

3.4.7 Behavior of LPBF 316L in Chloride Environments

Fig. 3.24 shows post-test micrographs for wrought and LPBF 316L after testing in 6
wt.% FeCI3 solution. Fig. 3.24a shows the pits in the wrought material, and Fig. 24b shows the
morphology of the pit circled in Fig. 3.24b and crystallographic dissolution is observed. Fig. 3.24c
shows the pits in the LPBF material, and from Fig. 3.24d, cellular structures can be seen to be

experience preferential in the interior.
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Fig. 3.24. Scanning electron micrograph of (a) surface and (b) pit interior of wrought 316L after
immersion in 6 wt.% FeCls for 72 hours. Micrographs for (c) surface and (d) pit interior are also
shown for the LPBF material. Black circles are drawn on surface micrographs to highlight the

pit being further imaged.

Fig. 3.25 shows micrographs of wrought (Fig. 3.25a) and LPBF (Fig. 3.25b) 316L after a
potentiostatic hold at +0.6V vs. SCE in 0.6 M NaCl for 12 minutes. In comparing the two

micrographs, there are more pits that formed on the wrought material.
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(a) (b)
Fig. 3.25. Post-test micrograph of (a) wrought and (b) LPBF 316L after performing a
potentiodynamic hold at 600 mV vs. SCE for 10 minutes. Each circular view has a diameter of
1 mm.

Fig. 3.26 shows morphologies of the surfaces inside the pits for wrought and LPBF 316L
after a potentiostatic of 0.6 V vs. SCE in 0.6 M NaCl. The wrought material exhibits
crystallographic dissolution while the interior of the cellular structures experience preferential

dissolution.

Fig. 3.26. Post-test micrograph of within a pit of (a) wrought and (b) LPBF 316L after
performing a potentiodynamic hold at 600 mV vs. SCE for 12 minutes.
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Figure 3.27. Post-test micrograph of LPBF 316L after potentiostatic hold (1.65 V vs. SCE) for

10 minutes in 0.6 M NaCl. Figure is adapted from [25].

3.5 Discussion

The discussion is set up in a way that initially discusses the behavior of LPBF and DED
material at both high and low potentials. Hypotheses involving local differences in composition
are validated by both compositional mapping and supplemental electrochemical behavior.
Finally, the behavior in boiling acid environments and chloride environments are described in a

way that further makes distinctions between active and transpassive behavior in LPBF material.

3.5.1 Behavior of LPBF 316L in Sulfuric Acid Environments
The potassium thiocyanate and sulfuric acid environment is known to provide an
environment for austenitic stainless steel grades like 316 and 304 that induces active corrosion due

to the depassivating characteristics of the thiocyanate ion [34,35]. This environment was ultimately
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chosen due to its use in the double-loop potentiokinetic reactivation test [36-39]. Upon
polarization, active dissolution (i.e., film-free) occurs with exponentially increasing current
density with increased potential until a transition potential in which the oxidation behavior
transitions due to the formation of a stable passive film. Although performed on LPBF material,
Fig. 3.1. reflects this well-known behavior of austenitic steel in sulfuric acid and thiocyanate. From
Fig. 3.2b, it is seen that there is preferential attack that takes place along the internal cores of
cellular structures and nearly uniform dissolution is observed in the wrought material. Under open
circuit conditions, while uniform corrosion along grain faces (Fig. 3.3a) takes place in wrought
material, preferential corrosion along the cores of cellular structures is observed in the LPBF
material (Fig. 3.3b). The use of thiocyanate in acidic environments (whether under open circuit
conditions or polarized) ultimately shows that the core of cellular structures is susceptible to
preferential attack relative to the cellular walls during active dissolution. This qualitative result is
consistent with DL-EPR experiments performed on LPBF materials printed with different
processing conditions [21].

When LPBF 316L is polarized to high potentials in sulfuric acid, transpassive dissolution
is observed due to the rapid increase in current at approximately 1 V. vs. SCE as shown by Fig.
3.4. From the post-test micrograph from Fig. 3.5a, it is seen that wrought material exhibits nearly
uniform attack with some preferential corrosion along grain boundaries. In the case of the LPBF
materials (Fig. 3.6b), straw-like structures are seen in which preferential corrosion has taken place
along boundaries of the cellular structures. Although the images are not reported in this study, this
type of corrosion morphology was seen in the case in which LPBF 316L was potentiodynamically
scanned from 0.1 V vs. SCE (where the formation of a passive film is observed) to 1.3 V vs. SCE

(where transpassive dissolution takes place) in 1 M H2SO4 and 0.01 M KSCN.
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These results show the effect of applied potential and the potential range on the resulting
corrosion morphology. It seems that under active conditions/more relatively reducing potentials,
preferential corrosion of cellular core takes place. Under transpassive conditions, a transition takes
place and preferential corrosion takes place along the cellular walls. These phenomenological
results are consistent with reports in multiple works of chromium and molybdenum enrichment at
the cellular boundaries [10,45,46]. Studies have shown that increased chromium and molybdenum
levels lead to lower rates of anodic dissolution in acidic solutions under reducing conditions (i.e.,
in the absence of a passive film). At the same time, preferential attack along cellular boundaries
under transpassive conditions may be explained by higher chromium content due to the tendency
of chromium to experience oxidation to the hexavalent state [29,30]. Additionally, this may be due
to the oxidation of molybdenum into the molybdate ion which has been observed in Fe-Ni-Cr

alloys in nitric acid conditions [44,47].

3.5.2 Evaluating the Effect of Microstructural Features on LPBF 316L Corrosion

Fig. 3.6 shows the underlying microstructure LPBF 316L. Whereas conventionally
wrought austentic stainless steel typically have equiaxed grains, the LPBF material shows
elongated grains [5,8,9]. It is observed that the LPBF material is nominally austenitic with traces
of delta ferrite. Alloys such as 316L undergoes FA solidification in which ferrite may form due to
its stability at high temperatures [19,48-50]. The observed microstructure with small traces of
ferrite, however, may be due to the limited amount of time in which ferrite could have formed
from the liquid state due to a high cooling rate from the LPBF process.

Whereas a single phase predominantly exists in the LPBF material, TEM images confirm
the existence of cellular structures as well as the compositional heterogeneities that exist along

these boundaries from STEM-EDS. Higher brightness at the cellular boundaries from HAADF
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imaging (Fig. 3.7a) indicate that these boundaries have higher dislocation densities compared to
the cores and the presence of dislocation walls and compositional heterogeneities have also been
reported in other studies [10,45,46]. While the LPBF material seems to be nominally austenitic,
the development of these non-equilibrium cellular structures stem from the rapid solidification
process. Studies on solidification show that high solidification rates favor the formation of
protrusions along the solid-liquid interface. Solute rejection from the solid phase then leads to the
formation of structures such as cellular dendrites [48-51].

STEM-EDS maps and line scans show that there is a depletion of iron at the cellular
boundaries. At the same time, it is seen that there is an enrichment of elements such as chromium,
molybdenum, and nickel at the cellular boundaries. Multiple studies highlight the beneficial effect
of these elements on the corrosion resistance on stainless iron-based alloys [40,42,43,52].

The effect of this compositional difference on LPBF corrosion was further investigated by
performing supplemental tests on 317L stainless steel. Corresponding to the higher chromium,
molybdenum, and nickel at LPBF cellular boundaries, 317L was used as a basis of comparison of
electrochemical behavior to 316L. The relative behavior of 316L and 317L under both active and
transpassive conditions are consistent with observations of LPBF behavior. Under active
conditions in sulfuric acid and thiocyanate (Fig. 3.8), the current for 316L is consistently higher
than that of 317L. Zero resistance ammetry further confirms that 316L is anodic with respect to
317L in the active state. This observation further confirms how alloy compositions of higher
chromium, molybdenum, and nickel levels are less prone to rapid dissolution in acidic and active
environments. At the same time, potentiodynamic scanning in sulfuric acid that induces

transpassive dissolution shows higher current for 317L compared to 316L highlighting the change
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in relative susceptibility at higher applied potentials. This result is consistent with work that reports
higher transpassive dissolution rates and is associated with chromium oxidation [53].

The observation of dislocation cell walls from HAADF imaging provides motivation to
study local strain distributions on observed selective corrosion. Multiple studies have shown the
detrimental of residual stress on corrosion properties [54]. However, it is noted that while higher
residual stresses increase corrosion susceptibility and the cell walls do experience preferential
corrosion at high potentials, the cell boundaries undergo less dissolution when tested under
conditions of active dissolution (i.e., in sulfuric acid with potassium thiocyanate). When annealing
was performed on wrought material to relieve the material of dislocations, it is observed that there
is little change in electrochemical behavior compared to the as-built wrought material. While these
results do not necessarily signify that these dislocation structures have no impact on the resulting
corrosion morphology, it seems that differences in composition have a more dominant effect on

selective corrosion.

3.5.3 Electrochemical Behavior of DED 316L

A major difference between the LPBF and DED microstructures is the greater observable
amountof ferrite in the DED material (Fig. 3.12). This distinct difference is likely due to the DED
process resulting in cooling rates that are 1-2 orders of magnitude lower than that of the LPBF
process [17-19]. Ferrite forms at higher temperatures for 316L and the greater presence of ferrite
may be due to lower cooling rates resulting in longer time periods where the material is at a
temperature range where formation of the ferritic phase is thermodynamically favorable
[19,49,50]. Multiple works have shown the presence of the ferrite phase in DED processing of
austenitic grades such as 304L and 316L [22]. From the EDS results, it is to be noted that the ferrite

phase has a higher content of chromium and molybdenum while having a lower content of nickel,
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as would be expected. Nickel with its face centered cubic structure is known to be an austenitic
stabilizer (and would thus partition to the austenite phase), whereas chromium and molybdenum
(both of which have a body centered cubic structure) are ferritic stabilizers [19,48-50].

In viewing the corrosion morphology of the DED material after testing in sulfuric acid and
potassium thiocyanate, it seen that there is preferential corrosion of the chromium and
molybdenum depleted austenite matrix (Fig. 3.15a — 3.15f). Although multiple works have shown
that nickel has beneficial effects on passivation, it seems that effects from chromium and
molybdenum dominate, suppressing the dissolution of the ferrite phase [35]. Under transpassive
conditions, the phase that preferentially dissolves switches to the skeletal-like ferritic phase. These
observations in electrochemical behavior and corrosion morphology are consistent with results
obtained from the duplex stainless steel 2205 which is known to have both austenitic and ferritic
phases with the same relative differences in phase composition. The appendix shows supplemental
work performed on 2205 and is consistent with that observed in the DED material particularly in
the behavior of the austenitic and ferritic phases. Other works performed on duplex stainless steel
have also reported the preferential transpassive dissolution of the ferrite phase and have connected
it to the oxidation of chromium[53]. Although LPBF and DED 316L have dramatic differences in
microstructure, great similarities exist between the two in how preferential corrosion is dictated by

local differences in key alloying elements such as chromium and molybdenum.

3.5.4 Behavior of LPBF 316L in Boiling Acid Environments

The boiling acid experiments from conventional ASTM testing for intergranular corrosion
susceptibility are another way of testing the effect of oxidizing behavior on corrosion
phenomenology. For the wrought counterparts, it is seen that there is grain face corrosion in the

material exposed to the boiling ferric sulfate/sulfuric acid solution (Fig. 3.20a and Fig. 3.20b)
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while there is some attack along grain boundaries in the case of the boiling nitric acid environment
(Fig 3.22a. and Fig. 3.22b.). For the wrought material, pits can also be seen within the grain face
after exposure to boiling nitric acid and has been associated with MnS inclusions. This
phenomenology has been documented in other works on the corrosion of wrought steels [55,56].
Although potential measurements of the working electrode were not made during these tests to
avoid test solution contamination, it is well known in the literature that the open circuit potential
of stainless steel in the boiling ferric sulfate/sulfuric acid test (where the Fe3* ion is the oxidizer)
is nearly 0.6 V vs. SCE [57,58]. The open circuit potential of austenitic stainless steels in the
boiling nitric acid solution used is on the order of 0.75 — 1 V vs. SCE [57,58]. It can then be
predicted that nitric acid has stronger oxidizing tendency compared to the solution of ferric sulfate
and sulfuric acid. In observing the post-test micrographs, one must take note of the dramatic
difference in corrosion morphology between the two environments. Whereas cellular boundary
attack is observed in the nitric acid environment, preferential cellular core dissolution is observed
in the ferric sulfate/sulfuric acid environment.

In sulfuric acid solution that contains ferric ions, the behavior of stainless steel consists of
the continuous dissolution and re-formation of a protective film between the metal surface and the
solution [57-59]. This formation of a chromium-rich passive film is coupled to the reduction of
ferric (Fe*) ions [57,58]. In the case there is chromium depletion (such as observed in sensitized
alloys), the corrosion current required to keep the film in repair is higher [57,58]. This higher
current density leads to the observation of intergranular attack in grain boundary sensitized alloys
[57,58]. Although there is no observation of intergranular attack in the LPBF material, it is
observed that there is preferential corrosion along the interior of the cellular structure, and this

result is consistent with observations of increased chromium level at the cellular boundaries as

54



shown in Fig. 3.20c and Fig. 3.20d. Like the rapid corrosion of chromium-depleted areas in
sensitized alloys, this observed phenomenology agrees with predictions of chromium depletion
along cellular cores of cellular dendritic structures.

Under boiling conditions in nitric acid, it has been shown that passivity is lost due to how
reduction of the nitrate ion promotes the oxidation of chromium to the hexavalent state
[47,55,57,58,60]. This accumulation of hexavalent chromium has also been shown to result in an
increase in corrosion rate due to its reducing tendencies which is why testing solution is typically
changed at 48-hour intervals [47,57,58]. In considering the effect of molybdenum on corrosion
rates in nitric acid, it has been shown that a higher molybdenum level is detrimental to the corrosion
behavior of austenitic stainless steel [44,47,57,58]. For example, in comparing the corrosion rate
of 316 steel to that of 304 (which contains no molybdenum) in fuming nitric acid, the corrosion
rate in the 316 variant was nearly twice the corrosion rate of 304 [57]. The preferential attack along
cell boundaries under these highly oxidizing conditions agrees with the known enhancement of
Mo and Cr along cellular dendritic boundaries.

It is interesting to compare the corrosion rates of LPBF alloys to that of the wrought
counterpart in these key standardized tests. Fig. 3.19 and Fig. 3.21 show that the corrosion rates of
the LPBF materials are less than that of the wrought material. This notable difference may be
attributed to microstructural features in the wrought material that are not typically found in the
LPBF material such as MnS inclusions [55,56]. Additionally, end grain corrosion due to the
presence of non-metallic constituents along the rolling direction has been shown to be detrimental
to the behavior of conventionally wrought steel in boiling nitric acid environments [55,56]. While

the elimination of these inclusions in the additive process has been associated with observations
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of increasing pitting resistance, the lower corrosion rate of LPBF 316L in nitric acid may also be
due to this microstructural feature [15].

The ferric sulfate test was originally developed due to the labor involved with performing
the boiling nitric acid test in determining susceptibility to intergranular corrosion as well as the
concern of increased oxidizing behavior from Crb* formation [47,57,58]. Although results from
either of these two tests provide insight into the IGC susceptibility of conventionally wrought
austenitic stainless steel, the non-equilibrium microstructure of LPBF 316L results in two different
corrosion morphologies between these two testing environments. In predicting behavior in terms
of selective/non-uniform corrosion, these tests show how differences in oxidizing behavior and

local differences in composition can dramatically alter corrosion morphology.

3.5.5 Behavior of LPBF 316L in Chloride Environments

The contrast of behavior at low and high potential has also been extended to chloride
environments in acidic to near neutral pH. Chloride favors the formation of corrosion pits due to
localized breakdown of the passive film and this is seen from micrographs of wrought (Fig, 3.24a)
and LPBF 316L (Fig. 3.24c) after testing in ferric chloride solution. In the case of the wrought
material (Fig. 3.24b), uniform crystallographic dissolution is observed within the pits. For the
LPBF material, the cellular structures are highlighted, and it seen that there is preferential attack
along the cores of cellular structures (Fig. 3.24d). These observed pit morphologies are also
observed after potentiostatic holds in 0.6 M NaCl (Fig. 3.26a and Fig. 3.26b)

In chloride environments, pits form due to localized breakdown of passive film. Localized
galvanic coupling takes place due to diffusion limitations that lead to difference in oxidizer (i.e.,
oxygen or ferric ions) concentration in which areas of higher oxidizer concentration are more

cathodic [61-63]. The interior of a pit becomes depleted of oxidizer and effectively becomes
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anodic. The accumulation of metal ions promotes hydrolysis which results in the formation of
metal hydroxide and H* effectively acidifying the interior of a corrosion pit [61-63].

The mechanism of pitting corrosion shows that local activation takes place due to the
development of an acidic environment. Therefore, it is logical to see corrosion morphology
consistent with mechanisms of active dissolution within the interior of a pit. Observations of
preferential cellular core attack within corrosion pits in both sodium chloride and ferric chloride
environments are consistent with increased chromium and molybdenum at the cell boundaries as
well as what has been observed for LPBF behavior in sulfuric acid and thiocyanate.

0.6 M NaCl experiments at 1.65 V vs. SCE again shows a fundamental difference in
corrosion behavior regarding the cellular structures and high applied potentials that induce
transpassive dissolution. Fig. 3.27 reveals that at this high potential, the walls of the cellular
structures undergo preferential attack. Similar to the other environments explored in this study,
this behavior is associated with high chromium content at the cellular boundaries.

These series of experiments show the interplay between compositional heterogeneities and
electrochemical environment. Whether it is through the DED or LPBF process, the solidification
process leads to heterogenous microstructures that drive selective corrosion. From the presence of
ferrite in DED to the formation of cellular dendritic structures in LPBF, these corrosion tests show
the impact of chromium and molybdenum segregation on the corrosion of additively manufactured
316L stainless steel. These tests show a dramatic difference in corrosion morphology at high
potential ranges and low potential ranges for various environments and ultimately provide
motivation in transferring information from standardized tests to in-service performance.

Although these studies highlighted the impact of local alloy chemistry on electrochemical

behavior, additively manufactured alloys whether through LPBF or DED have complex
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microstructures. Examples include lack-of-fusion pores, oxide inclusions, and melt pool
boundaries. Other studies have highlighted the impact of these features on corrosion behavior
[15,20-22,25,64]. While these experiments showed the impact that elemental segregation plays in
the selective corrosion of additively manufactured stainless steel, it is important to take a holistic

view that incorporates AM defects across all length scales to more fully understand AM corrosion.

3.6 Conclusions

e Transpassive dissolution promotes the dissolution of cellular boundaries in LPBF 316L,
whether it is through potentiodynamic scans in 1 M H2SO4, exposure to boiling 65 wt.%
nitric acid, or a 1.3 V vs. SCE potentiostatic hold in 0.6 NaCl.

e Transpassive dissolution also promotes dissolution of the ferritic phase in DED 316L

e Active dissolution preferentially takes place at the core of cellular structures, whether it is
through potentiodynamic scans in sulfuric acid/thiocyanate environments or pitting in
chloride solutions.

e Inthe case of DED 316L, active dissolution preferentially takes place along the austenitic
phase over the ferritic phase.

e Chemical heterogeneities from EDS techniques suggest the significant impact of elements

such as chromium and molybdenum on preferential corrosion at high and low potentials.

3.7 Appendix

Supplemental experiments were performed on 2205 stainless steel to emphasize the
difference in behavior between the austenitic and ferritic phases in a stainless steel alloy containing
both phases.

The transpassive behavior of 2205 in 1 M H>SO; was investigated through
potentiodynamic scanning. Samples were ground to 1200 grit. After an open circuit potential hold
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for 30 minutes, the working electrode was scanned from 0.05 V below the open circuit potential
to 1.2 V vs. SCE. The active behavior of 2205 in 1 M H2SO4 was investigated with the addition of
0.01 M KSCN. Scanning electron microscopy was performed to assess corrosion morphology in
both cases.

Potentiodynamic scanning in sulfuric acid and thiocyanate (Fig. 3.28) shows active
dissolution in the 2205 material. In investigating the post test micrographs (Fig. 3.29a), it is seen
that certain microstructural features undergo a greater amount of dissolution. EDS maps (Fig.
3.29b — Fig. 29f.) reveal that the phase that undergoes preferential corrosion (most likely the
austenitic phase) is depleted in chromium and molybdenum while being rich in nickel. The phase
that undergoes less corrosion (most likely the ferritic phase) is enriched with chromium and

molybdenum while being depleted of nickel.
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Fig. 3.28. Polarization scan of wrought 316L and 2205 in 1 M H>SO4 and 0.01 M KSCN.
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Fig. 3.29. (a) Scanning electron micrograph 2205 after testing in 1 M H2SO4 and 0.01 M KSCN.
EDS compositional maps of (b) iron, (c) chromium, (d) molybdenum, (e ) nickel, and (f)
manganese are shown.

Potentiodynamic scanning in sulfuric acid (Fig. 3.30) reveals transpassive dissolution in the 2205
material above 1 V vs. SCE. In investigating the post test micrographs (Fig. 3.31a), it is seen that
certain microstructural features undergo more dissolution. EDS maps (Fig. 3.31b — Fig. 3.31f)
reveal that the phase that undergoes preferential corrosion (most likely the ferritic phase) is rich in
chromium and molybdenum while the phase that undergoes less corrosion (most likely the

austenitic phase) is enriched in nickel.

— 2205
2.0+ + - 316L

1.5
1.0

0.5

Potential (V vs. SCE)

0.0

05 T T T T T T T
1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10

Current Density (mA/cm®)

Fig. 3.30. Polarization scan of wrought 316L and 2205 in 1 M H>SO..
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Fig. 3.31. (a) Scanning electron micrograph 2205 after testing in 1 M H>SO4. EDS compositional
maps of (b) iron, (¢) chromium, (d) molybdenum, (e) nickel, and (f) manganese are shown.
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4 The Effect of Processing on LPBF 316L Selective Corrosion

4.1 Abstract
Progress in additive manufacturing technology such as laser powder bed fusion (LPBF)

has allowed for the use of processing parameters to ultimately control material features such as
microstructure and mechanical properties. However, limited studies have related corrosion
properties to processing. In this study, the double loop potentiokinetic reactivation (DLEPR) test
was used construct trends between LPBF processing and surface reactivation. VVolumetric energy
density (VED) was used as a guide for testing a broad array of materials. Though limitations in the
utility of VED discussed, it was found that LPBF material printed at lower VED generally have a
greater propensity for reactivation. The reactivation behavior is further discussed in the context of

the complex LPBF microstructure.

4.2 Introduction

Laser powder bed fusion (LBPF) is an additive manufacturing technique that uses a high-
energy laser to melt powder on a build plate which undergoes rapid solidification on a layer-by-
layer basis [1-3]. The application of the LPBF process to austenitic stainless steels such as 316L
presents opportunities in microstructure control and the refinement of mechanical properties like
strength and ductility [4-9]. Advances in additive manufacturing have allowed for the
understanding of the association between processing parameters and material features such as the
presence of lack of fusion (LOF) defects and grain refinement [10,11].

The volumetric energy density (VED) is a value that describes the energy input during a
LPBF build and is related to processing parameters such as power (P), scan speed (v), hatch

spacing (h), and layer thickness (t) by the Equation 1[12,13].
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p .
VED = — Equation 2

Studies have shown how low VED input tends to lead to the formation of defects such as
unmelted powder and porosity due to incomplete fusion of material during the solidification
process [10,12,14-16]. High VED tends to lead to the formation of keyholing. Rapid solidification
from the LPBF process leads to the formation of cellular dendritic structures with boundaries that
are enriched in critical alloying elements such as chromium and molybdenum [17-20]. Works
have also shown how there is greater depletion of these elements under conditions that promote
more rapid solidification such as higher scan speed and is associated to be due to less diffusional
mixing in the liquid state [21]. While VED may be interpreted as a thermodynamic value, it should
not be interpreted as a kinetic input value and multiple studies have criticized the blind use of VED
in predicting microstructure and mechanical properties of LPBF alloys. The dramatic impact that
processing parameters have on microstructure provides motivation to study and draw
generalizations on the effect of LPBF processing on corrosion behavior.

This manuscript is focused on the selective corrosion behavior of LPBF 316L specifically
in terms of active behavior. The dependence of propensity for surface reactivation on processing
parameters is assessed through the double loop potentiokinetic reactivation test. Post-test
microscopy as well as modifications to the traditional EPR test are employed to validate the results
from the DL-EPR test in predicting susceptibility to localized reactivation along a surface.
Volumetric energy density is used as a guide for testing a broad array of LPBF materials printed
at varying parameters to create connections between conditions of rapid solidification during the

AM process to depassivation behavior.

65



4.3 Experimental
4.3.1 Material Information

AISI 316L stainless steel powder manufactured by EOS (EOS GmbH -Electro Optical
Systems, Krailing, Germany, EOS art.-no. 9011-0032) with a spherical particle size distribution
0f10-53 um was used in this study; see Table 1 for the chemical composition. Square prism
samples with dimensions 20 mm x 20 mm x 30 mm were manufactured using an EOS GmbH
M290DMLS-SLM system, which utilizes a 1060-1100 nm, 200 W continuous Yb fiber laser with
a fixed 100 um spot size and an inert argon-purged atmosphere. Table 4.1 shows the composition
of the powder used for the build. Table 4.2 shows the printing parameters used in this study.

Table 4.1. Composition of wrought 316L material and powder used for the LPBF 316L.

Element Analysis Method LPBF Powder
Composition (Wt. %)

Fe - Balance

Cr ICP 18.62

Ni ICP 14.04

Cu ICP <0.1

Mn ICP 1.65

Si ICP 0.37

Mo ICP 2.77

C Combustion 0.007

S Combustion 0.005

P ICP <0.010

N Fusion 0.07
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Table 4.2. Printing parameters for LPBF 316L Samples

Identification | Al A2 | A3 A4 |A5 | A6 | A7 A8 A9 | Al0 | All
Power (W) 182.5 ] 205 | 95 105 [ 155 | 134 | 110 195 |220 |199 | 255
Velocity 960 | 960 | 1510 | 953 | 1280 | 700 | 1400 | 1083 | 755 | 2286 | 880
(mm/s)

Hatch (mm) |0.11 |0.11 0.06 |0.08 |0.09 |0.12 |0.05 [0.09 |0.11 |0.03 |0.09
Layer 0.04 |0.04|0.02 |0.02 |0.02 |0.02]|0.02 |0.02 |0.020.02 |0.02
Thickness

(mm)

Volumetric 42 48 | 52 67 67 77|77 100 | 132 | 132 |161
Energy

Density

(J/mm?3)

4.3.2 Double Loop Potentiokinetic Reactivation (DL-EPR) test

The DL-EPR test was performed to determine the susceptibility of the passive film on

LPBF to reactivation. All exposed surfaces were ground to 1200 grit in the direction that is

perpendicular to the build direction. The sample was exposed under open circuit conditions for 30

minutes. A potentiodynamic scan was performed starting at the open circuit potential before

scanning to 0.3 V vs. SCE at a scan rate of 1.67 mV/s. Upon reaching a value of 0.3 V vs. SCE,

the potential was scanned in the reverse direction to the original open circuit potential. The scan

strategy is schematically depicted in Fig. 4.1a. A degree of reactivation (DOR) is expressed as the

ratio of the peak reactivation current during the reverse scan to the peak activation current from

the forward scan as schematically expressed in Fig. 4.1b. The DOR value is used to quantify

susceptibility to passive film under activation conditions.
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Fig. 4.1. (a) The scan strategy is for the DL-EPR test. The schematic (b) shows how the DOR
value is extracted from the DL-EPR potentiodynamic scan [].

4.3.3 Modified Single Loop Potentiokinetic Reactivation Test
Due to how active corrosion takes place during the forward scan of the DL-EPR test,

additional experiments were performed to validate the use of the DL-EPR test in assessing
reactivation and show microstructural features that were more prone to depassivation. Sample AX
and AY were each exposed to a 30-miute and 2-hour hold under open circuit conditions. A
potentiodynamic scan was initiated from +0.1 V vs. SCE and scanned down to the original open
circuit potential at a rate of 1.67 mV/s. Surfaces were characterized with scanning electron

microscopy. For the rest of this study, this method will be referred to as the SL-EPR test.
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Potential

0.1V vs. 5CE

Time

Fig. 4.2. Schematic showing scan strategy for modified SL-EPR test.
4.3.4 Potentiostatic Active Behavior of Passivated LPBF 316L
Using sample A4 and A5, another experiment in which the samples were exposed

under open circuit conditionsfor 30 min. Starting from a potential of +0.1 V vs. SCE, the surfaces
were then potentiodynamically scanned in the cathodic direction and terminated at a potential of -
0.3 vs. SCE. The surfaces were then held at -0.3 V vs. SCE for 12 minutes and the current was
measured. The current during this 12-minute period is reported. Scanning electron microscopy was
performed to characterize corrosion surfaces. Fig. 4.3 schematically depicts how the applied

potential changes with time from this experimental setup.

Potential

0.1V vs. 5CE

-0.3Vvs. SCE

E:Drl

Time

Fig. 4.3. Schematic showing scan strategy for studying potentiostatic active behavior of
passivated LPBF 316L material.
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4.3.5 TEM Characterization

A Themis 60-300 kV transmission electron microscope was used to characterize the
cellular structures in samples Al and A8. STEM-EDS was used to perform line scans and construct
compositional profiles. These samples were chosen due to the great differences in DOR values

from the DL-EPR testing as will be shown in the results section.

4.4 Results

The results section is organized in a way that first shows DOR values as a function of
processing parameters. Comparisons of polarization behavior and post-test surface morphology
are connected to the processing parameters. Modifications of the DL-EPR test are also presented

to further validate results from the DL-EPR test.

4.4.1 DL-EPR Results

Fig. 4.4 shows the degree of reactivation (DOR) for the LPBF materials that were used in
this study and the relationship between DOR and VED is shown. The y-axis in Fig. 4.4a extends
to a value of 0.0020 to highlight the relatively high DOR value for sample A3. Fig. 4.4b highlights
trends in other LPBF materials. It is seen that at lower values of VED, there is a tendency for the
DOR value to be greater than zero. It is also to be noted that for two materials with equal values
in volumetric energy density, differences in behavior may be observed. This is seen in the DOR
values for materials with a VED of 67 J/mm? (A4 and A5) as well as materials with a value of 78

JImm? (A6 and A7).
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Fig. 4.4. The relationship between DOR and VED are depicted in the following graphs. One of
the graphs (a) has a maximum DOR value of 0.002 while the other (b) has a maximum DOR
value of 0.00015 to highlight the range and trends in DOR values for as-built LPBF materials.

Fig. 4.5 shows DL-EPR scans for select LPBF materials to highlight the difference
potentiodynamic behavior for materials that have varying susceptibilities to reactivation. Fig. 4.5a
shows behavior for materials with VED values of 67 J/Jmm?3 while Fig. 4.5b shows behavior for
materials with VED values of 78 JJmm3. In the case of materials with VED values of 67 J/mm?,
sample A5 is shown to have greater propensity for reactivation due to an increase in anodic current
density within the reverse scan at approximately -0.15 V vs. SCE. Meanwhile, sample A4 does not
show this increase in anodic current showing that this material is less susceptible to passive film
breakdown. In comparing the behavior between sample A6 and A7 in Fig. 4.5b, sample A7 is
shown to be more susceptible to reactivation due to the same type of increase in anodic current

while sample A8 does not have this signature increase in anodic current.
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Fig. 4.5. DL-EPR Curves for LPBF Material with printed with parameters that resulted in
VED values of (a) 67 J/mm? and (b) 78 JJmm?®,

Fig. 4.6 shows surface of LPBF 316L materials A4 and A5 after the DL-EPR test. In both

cases, attack is seen to be taking place along the cellular interiors as seen from the honeycomb-
like structures on the surface. In the case of material A4, an additional spiral morphology is
observed. While only of these two samples (A4) had a DOR value greater than zero, it is to be

noted that both materials still exhibit preferential cellular interior dissolution.

(@) (b)

Fig. 4.6. Post-test micorgraphs of materials (A) A4 and (B) A5 after the double-loop
potentiokinetic reactivation test. Both materials have VED values of 67 J/mm?3. Both surfaces
are oriented perpendicular to the build direction.
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Fig. 4.7 shows the behavior of LPBF sample A4 after immersion in the DL-EPR solution
for 2 and 24 hours. At an exposure time of 2 hours (Fig. 4.7a), it seen that there is little to no
corrosion damage. However, in the case of the 24-hour exposure (Fig. 4.7b), attack along the
cellular interiors are seen similar to that observed in Fig. 4.6. These results highlight the
depassivation of LPBF 316L under open circuit conditions in 1 M sulfuric acid and 0.01 M

potassium thiocyanate.

(@) (b)

Fig. 4.7. Surface of LPBF Material A4 after immersion in 1 M H2SO4 and 0.01 M KSCN after
(@) 2 hours and (b) 24 hours.
Fig. 4.8 shows the SL-EPR scan performed on sample A4 for varying pre-test holds under

open circuit conditions. In the case of the 30 minute pre-test hold, there is an increase in the
cathodic current from approximately -0.1 V vs. SCE to -0.5. However, in the case of the 2-hour
pre-test OCP hold, a subtle decrease is seen in the cathodic current at approximately -0.275 V —

0.3 V vs. SCE as shown by the black arrow.
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4.4.2 SL-EPR Experiments

— 30 Minute OCP
—— 2 Hour OCP

0.2+
0.1+
0.0 4
-0.1 4
-0.2 4

0.4

Potential (V vs. SCE)
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T
1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10

Current Density (mA/cm?)

Fig. 4.8. Potentiodynamic scan of LPBF 316L material A4 after open circuit holds for 30

minutes and 2 minutes. Each scan started at a potential of 0.1 V vs. SCE and terminated at the

original open circuit potential. A black arrow points to a region of diminished cathodic current.
Fig. 4.9 shows the post-test micrographs for these two SL-EPR scans. In the case of the

material with a 30-minute pre-test OCP hold (Fig. 4.9a), little attack is seen through in what
appears to be a porous network throughout the surface. In the case of the 2-hour hold however
(Fig. 4.9b), greater corrosion is damage is seen through the increased melt pool boundary attack

as well as the cellular dendritic structures that experience interior preferential dissolution.
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(@) (b)

Fig. 4.9. Post test micrographs of LPBF 316L Material A4 after performing the single loop test
after pre-test open circuit holds for (a) 30 minutes and (b) 2 hours.
Fig. 4.10a shows the SL-EPR potentiodynamic scan for materials A4 and A5. For both

materials, the measured currents are similar during the anodic portion of the scan, it should be
noted that when the DL-EPR scan was performed for both materials, A4 had a DOR value that
non-zero while A5 did not. While there is little increase in the cathodic current in the case of
sample A5, a decrease cathodic current is observed in sample A4 at a range of -0.2 to -0.3 V vs.
SCE. From the post test micrographs, it is qualitatively seen that there is greater cellular interior

and melt pool boundary damage in sample A4 (Fig. 4.10b) compared to sample A5 (Fig. 4.10c).
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Fig. 4.10. Potentiodynamic scans for LPBF samples A4 and A5. Samples were held under
open circuit conditions for 2 hours and scanned cathodically from 0.1 V vs. SCE to the open
circuit potential. Post-test scanning electromicrographs for (b) A4 and (c) A5 are also shown.

4.4.3 Potentiostatic Active Behavior
Fig. 4.11 shows the current profiles for samples A4 and A5 at a potentiostatic hold of -0.3

V vs. SCE. This potentiostatic hold took place after a potentiodynamic scan from -0.1 V vs. SCE
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to -0.3 V vs. SCE as was previously schematically demonstrated by Fig. 4.3. It is seen that while
there is initially little difference in the current between the two materials, the current for the A4
material is slightly higher than that of the A5 material. It is to be noted that the material with the

higher current (A4) also had a DOR value that was non-zero in the DL-EPR test.

—A4
6 — A5
5
€
< 41
E
2 4]
8
&
14
0 Y T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800
Time (s)
Fig. 4.11. Potentiostatic behavior of LPBF 36L Material AX and AY at -0.3 V vs. SCE after
polarizing from 0.1 V vs SCE to -0.3 V vs. SCE.

4.4.4 Transmission Electron Microscopy

Fig. 4.12 shows TEM micrographs of cellular structures in LPBF materials Al and A7 to
compare the difference between the cellular dendrites in a material that exhibited a non-zero and

a zero DOR value from the DL-EPR test.
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(@) (b)

Fig. 4.12. HAADF TEM micrographs for LPBF Materials (a) Al and (b) A6.
Fig. 4.13 shows compositional mapping for the LPBF samples and the profiles are

correspond to the yellow arrows shown in Fig. 12. In the case of material Al, it is seen that there
are generally higher levels in chromium, nickel, and molybdenum while having lower levels of
iron. The position center of the cellular boundary lies at approximately 100 nm. and it is seen that

there is a depletion in iron while there is an enrichment of chromium and nickel.
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Fig. 4.13. Composition profiles showing (a) iron, (b) chromium, (c) nickel, (d) molybdenum,
and (e) manganese levels in LPBF Materials A1 and A®6.

4.5 Discussion

The discussion first investigates the effect of volumetric energy density on the resulting

DOR results from the DL-EPR. Post-test micrographs are also discussed so that the DOR value

may be related to the relative reactivation of LPBF microstructural features. The DL-EPR was

originally developed to investigate the behavior of wrought materials so additional modifications

to the EPR experiments were performed to further validate results from the EPR test as well as to

further clarify on which microstructural features are more prone to reactivation.
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4.5.1 DL-EPR Behavior of As-Built LPBF 316L

The SL-EPR and DL-EPR tests were developed as non-destructive methods to investigate
the susceptibility of wrought austenitic stainless steel to grain boundary sensitization [22-25].
Nevertheless, previous works have utilized this test to detect the susceptibility of as-built LPBF
materials to global surface reactivation and corrosion morphologies have been observed that show
preferential dissolution of cellular dendritic interiors [26-35]. Testing of LPBF materials of
varying process parameters has shown that materials that are printed with lower volumetric energy
density tend to be more susceptible to global reactivation as seen from the results of Fig. 4.4.
Beyond a volumetric energy density of 100 J/Jmm?, materials seem to have a zero DOR value
indicating lower susceptibility to passive film breakdown. These observed trends may be due to
lower energy densities resulting in faster cooling rates that leading to lower times in the liquid
phase and a more compositionally heterogenous cellular dendritic structures [21]. The existence
of LOF defects are typically associated with materials printed at lower VED and may also be
contributing factors to the observed DOR values.[10,14,36]

Multiple studies have criticized the use of the volumetric energy density as a tool for
optimization and the sole predictor of features such as alloy microstructure, LOF defect density,
and even mechanical properties [15,16,37,38]. Fig. 4.5 demonstrates that materials printed with
similar VED values may exhibit dramatically different potentiodynamic behavior. For VED values
of 67 JJmm?® (Fig. 4.5a) and 78 J/mm? (Fig. 4.5b), it is seen that the variation printed with the
higher velocity had a non-zero DOR value. In the case of the materials with a VED of 67 J/mm?,
the material with higher power (A5) showed greater susceptibility to reactivation than the lower
power variant (A4). In the case of the materials printed with a VED of 78 J/mm?3, the opposite is

observed: the material printed with lower power (A6) showed greater susceptibility to reactivation
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compared to the other material with the same VED but printed at a higher power (A6). Other works
have shown how lower laser speed leads to lower cooling rates and leads to lower degrees of
elemental microsegregation [21,39]. Previous work has also shown how higher scan speeds at
constant volumetric energy density led to lessened susceptibility to pitting corrosion [40].

From Fig. 4.6, subtle differences in the corrosion morphology are observed between the
two materials printed at the same volumetric energy density of 67 J/mm3. In the case of the variant
printed at lower speed (A4), attack along cellular structures and melt pool boundaries are observed
while a swirl-like pattern is observed in the variant printed a higher speed (A5). The swirl-like
pattern may have developed due to local convection in the liquid state [41]. These experiments
show the limits in using volumetric energy density and shows that speed may be a significant
contributing factor in dictating corrosion morphology and the propensity for reactivation in

materials printed at a constant VED.

4.5.2 Validating DL-EPR Scan Use in Assessing LPBF Depassivation Behavior

Although the post-test electron microscopy of LPBF materials after the DL-EPR test show
preferential dissolution of the interior cellular structures, the majority of dissolution took place
during the upward scan. This observation provides motivation in validating the phenomenology
that takes place during the reactivation of a surface that has experienced passivation during the
potentiodynamic scan. This was the motivation in performing a series of SL-EPR scans to further
validate the results from the DL-EPR scans especially in making a phenomenological distinction
between a material with and without a non-zero DOR value.

Studies of the behavior of austenitic stainless steels in sulfuric acid and thiocyanate have
shown that the thiocyanate acts as a depassivator and promotes activation of the surface[42,43].

From Fig. 4.7, it is made how longer exposure time in sulfuric acid and thiocyanate promotes
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active corrosion. After performing the SL-EPR scan at varying (Fig. 4.8) pre-test open circuit
holds, it is seen that there is a brief decrease in cathodic current at -0.3 mV vs. SCE for the LPBF
sample that had a longer pre-test hold. This is predicted to be due to a higher reactivation current
as a result of a surface that was rid of more oxide as a result of exposure to the depassivating
thiocyanate under acidic conditions. Post-test micrographs further qualitatively validate this
hypothesis and shows that there is greater corrosion of cellular dendritic interiors in the case of the
surface that had a longer pre-test open circuit potential hold. Due to the use of the DL-EPR method
in testing susceptibility to intergranular corrosion, it is important to clarify that grain boundary
corrosion is not observed and that any indication of reactivation should not be automatically
associated with IGC when studying LPBF alloys [26].

SL-EPR tests for materials printed with a VED value of 67 J/mm? further validate results
from the DL-EPR testing. Fig. 4.10 Shows SL-EPR for these two materials: A4 (which had a DOR
of zero) and A5 (which had a non-zero DOR value). The SL-EPR for A5 shows a decrease in the
cathodic current at approximately — 0.3 V vs. SCE while no decrease is observed in the cathodic
current for the A4 SL-EPR scan. Fig. 4.14 graphically depicts a mechanism through Evans
diagrams that would indicate more rapid anodic reactivation that would lead to an observable
decrease in cathodic current. All measured electrochemical currents are net currents, that is the
difference between the cathodic current and the anodic current. In the case of A4, it is likely that
the reactivation current is negligibly small with respect to the cathodic current that the net current
is effectively representative of the cathodic Kkinetics. In the case of A5, although the anodic
dissolution current is still lower than the cathodic current, its magnitude of the current is just high

enough that a substantial decrease from the current in the cathodic branch of the scan is observed.
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Fig. 4.14. Schematic depicting proposed anodic kinetics for LPBF materials relative to the

cathodic kinetics for the SL-EPR scan.

Overall, it is suggested that in comparing the activation behavior of electrochemically
passivated LPBF materials A4 and A5, the A5 variant is more prone to passive film breakdown
leading to metal active dissolution. SL-EPR post test micrographs validate this hypothesis and it
is seen in both variants that this depassivation takes place through the preferential dissolution of
melt pool boundaries and the interiors of cellular dendrites. However, it is observed that the A5
variant (Fig. 4.10c.) has qualitatively a greater degree of localized corrosion in comparison to the
A4 variant (Fig. 4.10b.). This suggests that the origin of greater propensity for reactivation in the
A5 material compared to the A4 material may be due to the compositional character of the cellular
structures.

These results are further validated by the potentiostatic holds of passivated A4 and A5 at
an active potential of -0.3 V vs. SCE and it is observed that the anodic current (and therefore
overall charge) for the A5 variant is higher than that of the A4 variant. The results indicate that the
cellular cores in the A5 materials are more prone to passive film breakdown.

Transmission electron microscopy was performed as an additional tool of validation for
the DL-EPR test and to test the hypothesis that there is greater local depletion of critical elements

such as chromium and molybdenum from cellular interiors in materials with higher DOR values.
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The TEM was performed for the A1 material, a material with non-zero DOR, and the A7 material,
a material with zero DOR. Discrepancies, however, are observed between the compositional
profiles as well as the DL-EPR scans. For example, in looking at the chromium profiles (Fig.
4.13b), the Al material has a higher overall chromium level as well as a lower difference in
chromium content between the boundaries and the cells. Nickel, which is known to improve
corrosion resistance[44], is also shown to be higher in the material that has non-zero DOR. Despite
this discrepancy, this TEM work only assessed the compositional features of a single cellular
structure in these LPBF materials. The LPBF process is dynamic and the laser processing has been
shown to demonstrate spatial differences in temperature gradient and solidification velocity
[35,44,45]. Studies have also shown that there are variations in the character of cellular structures
within a single build [28]. For example, within single LPBF builds, dislocation cells have been
observed to have compositional heterogeneities while other dislocation cells did not contain these
heterogeneities [46]. The DL-EPR test screens the overall susceptibility of material to reactivation
and must be treated as a representation of all microstructural features that would lead to
reactivation.

The DL-EPR testing in this study has shown that higher scan speed leads to greater
tendency for reactivation under constant volumetric energy density. Although these results have
allowed for the construction of generalizations about susceptibility to depassivation in terms of
LPBF processing, one of the limitations of the DL-EPR test is the potential to distinguish behavior
between two materials that have DOR values that are equal to zero. DOR values being equal to
zero (such as in the case of materials A9 and A10) only signify that reactivation currents are
significantly smaller than the cathodic current. The DL-EPR test was originally developed to test

for intergranular corrosion susceptibility, but not necessarily other microstructural features in
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austentic stainless steels that may lead to selective corrosion. This provides further work to
optimize the DL-EPR testing conditions in such a way that allows for greater discrimination

particularly in studying the behavior of materials printed with higher volumetric energy densities.

4.6 Conclusion

e Results from DL-EPR testing suggest that LPBF materials printed with lower VED tend
to be more susceptible to reactivation.

e VED is not alone in predicting susceptibility to reactivation and under constant VED
values, it was found that materials printed at higher speeds displayed greater reactivation
susceptibility.

e Post-test modified EPR testing displayed that cellular interiors are more prone to
depassivation.

e Results from modified EPR testing such as SL-EPR results and potentiostatic holding at
active potentials are consistent with DL-EPR results.

e In comparing the behavior between two materials printed at the same VED, SL-EPR
post-test microscopy further confirmed that the material printed at a higher velocity

qualitatively displayed more corrosion damage.
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5 Sensitization and Intergranular Corrosion of Thermally Treated LPBF 316L

5.1 Abstract
While an issue in stainless steel weldments, the topics of intergranular corrosion (IGC) and

sensitization are not typically incorporated in the discussion of austenitic stainless such as 316L
fabricated through laser powder bed fusion (LPBF). This study is focused on the corrosion of
LPBF 316L alloys that have been exposed post-build to thermal conditions that are known to
induce sensitization. Mass loss testing and potentiodynamic scanning are used to characterize IGC
behavior. To study the effect of LPBF processing, volumetric energy density (VED) was used as
a guide for testing a broad array of materials. It was found that LPBF materials printed at lower
VED are more susceptible to intergranular corrosion and the discussion of observed behavior
makes connections to grain refinement and LPBF porosity. Ultimately, the utility of classical
standardized tests in determining IGC behavior of heat-treated LPBF alloys was able to be

validated.

5.2 Introduction

In austenitic stainless steels such as the 316L and 304L grades, sensitization is the
phenomena by which chromium carbides precipitate along grain boundaries [1-4]. This
precipitation leads to the formation of a chromium-depleted zone adjacent to the boundaries and
makes the material susceptible to intergranular corrosion [1,2]. Grain boundary sensitization
typically takes place at a temperature range of 450°C —800° C and is a potential issue in fabrication
methods such as welding and casting [5,6]. In addition to increased preferential corrosion along
grain boundaries leading to rapid loss of material through grain dropping, grain boundary
sensitization has been shown to make stainless steel susceptible to intergranular stress corrosion

cracking [4,7-11].
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Although there is great motivation in being able to use laser powder bed fusion (LPBF)
alloys in the as-printed state, defects such as lack-of-fusion porosity provide motivation to take
advantage of post-processing techniques such as hot isotactic pressing (HIP) and friction stir
welding [12-14]. These post-processing techniques are performed at elevated temperatures and
promote conditions that may induce grain boundary sensitization. Observations of IGC, for
example, have been exhibited in LPBF 316L that underwent the HIP process [15]. Although
previous work has anticipated the effects of grain size on the IGC susceptibility of sensitized LPBF
316, trends in processing and susceptibility to IGC and sensitization are not clearly established
[16]. Whereas most work on corrosion of additively manufactured austenitic stainless steels tend
to be focused on pitting as well selective corrosion in the as-printed state, attention must also be
paid to the corrosion properties of heat-treated LPBF alloys particularly in the area of grain
boundary sensitization and intergranular corrosion [12,17-19].

This manuscript is focused on the grain boundary sensitization and intergranular corrosion
of heat treated LPBF 316L. Materials printed at varying volumetric energy density (VED) are
tested and trends in microstructural features such as grain refinement, porosity and corrosion
behavior points of focus for these varying printing conditions. Equation 1 gives the relationship
between VED and processing parameters such as power (P), velocity (v), hatch spacing (h), and

layer thickness[13,20,21].

VED = = Equation 3
vht
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Lower VED tends to favor the formation of refined grains and porosity so it is
hypothesized that there is a greater level of grain fall out and surface activation along grain
boundaries under these conditions[20-25]. The double-loop potentiokinetic reactivation test
(DL-EPR) is used to determine the propensity of sensitized LPBF surface to reactivation while
mass-loss testing is used as another tool to determine propensity for grain dropping because of
IGC susceptibility[6,26—-30]. These experiments are performed with the motivation of
understanding the link between AM processing and the susceptibility to intergranular corrosion

and grain boundary sensitization.

5.3 Methodology

5.3.1 Material Information and Thermal Treatments
Conventionally wrought 316L plate from North American Stainless was used for this study.

AISI 316L stainless steel powder manufactured by EOS (EOS GmbH — Electro Optical Systems,
Krailing, Germany, EOS art.-no. 9011-0032) with a spherical particle size distribution of 10-53
um was used in this study; see Table 1 for the chemical composition. Square prism samples with
dimensions 20 mm x 20 mm x 30 mm were manufactured using an EOS GmbH M290 DMLS-
SLM system, which utilizes a 1060-1100 nm, 200 W continuous Yb fiber laser with a fixed 100
pm spot size and an inert argon-purged atmosphere. Table 2 shows the parameters used in this
study. The default vendor (EOS) parameters are given by the parameters for sample A7.
Sensitization was induced in wrought and LPBF materials by treatment at 675°C for 24 hours. All

heat treatments were conducted under atmospheric conditions.
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Table 5.1. Composition of wrought 316L material and powder used for the LPBF 316L.

Element Analysis Method Wrought LPBF Powder
Composition (Wt. Composition (Wt. %)
%)

Fe - Balance Balance

Cr ICP 16.7 18.62

Ni ICP 10.2 14.04

Cu ICP <0.1 <0.1

Mn ICP 1.99 1.65

Si ICP 0.86 0.37

Mo ICP 1.99 2.77

C Combustion 0.006 0.007

S Combustion 0.006 0.005

P ICP <0.010 <0.010

N Fusion 0.004 0.07

Table. 5.2. Processing parameters for LPBF 316L material

Identification | Al A2 A3 A4 A5 A6 A7 A8 A9
Power (W) | 1825 | 205 95 134 110 146 195 220 199
Velocity 960 960 1510 | 700 1400 | 1939 | 1083 | 755 2286
(mml/s)
Hatch (mm) | 0.11 0.11 0.06 0.12 0.05 0.05 0.09 0.11 0.03
Layer 0.04 0.04 |0.02 0.02 0.02 0.02 0.02 0.02 0.02
Thickness
(mm)
Volumetric | 42 48 52 77 77 77 100 132 132
Energy
Density
(I/mm3)

5.3.2 Double Loop and Single Loop Potentiokinetic Reactivation Tests
The double-loop potentiokinetic reactivation (DL-EPR) and single-loop reactivation

potentiokinetic reactivation (SL-EPR) tests have traditionally been used to detect the susceptibility
of wrought austenitic stainless grades such as 304 and 316 to grain boundary sensitization [26—
31]. For the DL-EPR scan in this study, a solution with 1 M H2SO4 and 0.01 M KSCN was used.
A horizontal flat cell three-electrode set up was used for potentiodynamic scanning with a scanning

calomel electrode. After holding under open conditions for 30 minutes, the working electrode was
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polarized to 0.1 V vs. SCE and then scanned in the reverse direction back to the original open
circuit potential. Fig. 5.1a. Shows the scan strategy used for the DL-EPR test. A degree of
sensitization (DOS) is expressed as the ratio of the peak reactivation current during the reverse
scan to the peak activation current from the forward scan as schematically expressed in Fig. 5.2.
To show the depassivation of sensitized grain boundaries, the SL-EPR test was
performed on select samples. After holding under open circuit conditions for 30 minutes, the
scan started at 0.1 V vs. SCE and the working electrode was scanned to the original open circuit
potential at a scan rate of 1.67 mV/s. Fig. 5.1b shows the scan strategy for the SL-EPR test.
While the SL-EPR potentiodynamic scans are not reported in this study, the post-test
micrographs are shown to highlight intergranular corrosion that takes place during reactivation of

a clean, passivated surface.

Potential Potential

0.1V vs. SCE 0.1V vs. 5CE

Time Time

a b

Fig. 5.1 Scan strategy for the (a)DL-EPR and (b) SL-EPR tests.
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Fig. 5.2. Schematic of DL-EPR test. iR and iA respectively represent the reactivation and
activation currents.

5.3.3 Boiling Ferric Sulfate and Sulfuric Acid Mass Loss Test

The boiling test provided by ASTM A-262 Practice B was utilized [32].An Erlenmeyer
flask with solution was heated with a hot plate. Teflon tape and glass cradles were used to suspend
the samples during the boiling test. Boiling chips were added to the solution to promote boiling. A
reflux system was developed by using an Alihin condenser to promote the condensation of vapors
back into the liquid phase. Teflon and vacuum grease were placed along the interface of the
condenser and the neck of the flask to create a tight seal. In both testing environments, the hot
plate was set to a temperature of 475 °C to promote boiling. Solution was checked to make sure
there was little to no decrease in solution volume during the test. Table 3 shows the composition
of each test solution in weight percent. Table 4 shows the amount of reagent used for each boiling

test while table X shows the weight percent of reagent used in each boiling test.
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Table 5.3. Amount of reagent used in boiling test solutions.

6H20)

Reagent Amount
Deionized Water (H20) 472 mL
Concentrated Sulfuric Acid (H2SO4) 800 mL
Ferric Sulfate Hexahydrate (Fe2(SO4)3 * 50.0¢9

Table 5.4. Composition of boiling test solution in wt. %

Composition (Wt. %)

Water (H20) 47.3
Sulfuric Acid (H2SO.) 50.4
Ferric Sulfate Fex(SOa)s 2.3

For all boiling tests, samples of approximate dimensions 20 mm x 20 mm x 2.5 mm were
prepared. In the case of LPBF samples, the 20 mm x 20 mm square base is oriented perpendicular
to the build direction. All faces were ground to a finish of 1200 grit with SiC paper Mass loss was
recorded by measuring the mass before and after exposure to boiling acid solutions for 48 hours.

Mass loss is expressed in units of mm/year and was calculated by the following formula [32].

87660W

Corrosion Rate =
Atd

Corrosion rate is in units of mm/year, W is mass loss in grams, A is area in cm?, t is
exposure time in hours and d is the density of 316L in units of g/cm?. In the case of chromium-

nickel-molybdenum steels, a density value of 8 g/cm? was used.

A FEI Quanta 650 Scanning electron microscopy was used mass loss testing to assess
corrosion morphology. Additionally, optical micrographs of cross sections of sensitized wrought
and LPBF material to assess damage propagation. Samples were mounted in Buehler EpoThin

epoxy resin and were allowed to cure at room temperature for 9 hours. Samples were ground with
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SiC and rinsed with water to 1200 grit. Samples were polished to with 0.25 um diamond paste.

Samples were sonicated in ethanol and air dried prior to characterization.

5.4 Results
5.4.1 EPR Experiments of Sensitized Material

Fig. 5.3 shows DL-EPR polarization curves to highlight the potentiodynamic behavior of
sensitized wrought and LPBF 316L. For each material, reactivation is observed during the reverse
scan as shown by an increase in anodic current. While the wrought and LPBF material Al both
have reactive current densities on the order of 10 mA/cm?, it is interesting to note how material
can be so prone to reactivation (as in the case of material A3) that the reactivation current density

that it is nearly the same order of magnitude as the forward scan peak activation current density.
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(a) (b) (©)

Fig. 5.3. DL-EPR potentiodynamic scans for sensitized (a) wrought, (b) LPBF Material A1,
(c) LPBF Material A3. All materials were heat treated at 675°C for 24 hours.

Fig. 5.4 shows the post-test micrographs wrought and LPBF materials after the SL-EPR
and DL-EPR tests. For each of the DL-EPR scans, it is seen that intergranular corrosion takes place
although it is likely that a majority of this attack took place during the forward scan as the
dissolution current is 2-3 orders of magnitude higher than that measured in the reactivation portion
of the reverse scan. The SL-EPR post-test micrographs (Fig. 5.4b and 5.4d) show whether it is in

95



wrought or LPBF material, passivated surfaces will experience exhibit preferential reactivation at

the grain boundaries.

(b)

(c) (d)

Fig. 5.4. Post-test micrographs of wrought surfaces after (a) DL-EPR and (b)SL-EPR testing.
Post-test micrographs of LPBF Material Al after (c) DL-EPR and (d) SL-EPR testing are also
shown. The LPBF surfaces shown are oriented perpendicular to the build direction.

Fig. 5.5. shows the DOS values measured from performing the DL-EPR test on the wrought
and LPBF materials listed on Table 2. The DOS values are shown as a function of volumetric
energy density. The DOS values tend to be higher for materials with lower volumetric energy
density. It is also shown how DOS values may differ between materials printed at the same

volumetric energy density with different printing parameters. The difference in DOS values
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between samples A4, A5, and A6 highlight this, but is also shown in the difference in DOS values

between samples A8 and A9.
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Fig. 5.5. Graph depicting DOS values from the DLEPR for sensitized LPBF materials as a
function of volumetric energy density. Points represent mean DOS values and error bars
represent the standard deviation. A black horizontal line labeled as “W” represents the DOS
for sensitized wrought material.

Fig. 5.6 shows backscatter electron imaging for samples A4 (Fig. 5.6a and Fig. 5.6b) and
A6 (Fig. 5.6¢ and Fig. 5.6d). Both materials have a volumetric energy density of 78 J/mm?3). At

both magnifications, it is shown that material A6 has a greater amount of grain boundary per unit

area.
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(©) (d)

Fig. 5.6. Backscatter electron images of LPBF Material A4 are shown at (a) lower and (b)
higher magnifications. Backscatter electron images of LPBF Material A6 are also shown at (a)
lower and (b) higher magnification. The surfaces shown are oriented perpendicular to the build
direction.

5.4.2 Mass Loss Testing of Sensitized Material in Ferric Sulfate and Sulfuric Acid
Fig. 5.7 shows corrosion rates for sensitized wrought and LPBF material after testing in

boiling ferric sulfate and sulfuric acid. The materials printed at lower volumetric energy densities
generally have higher corrosion rates. The corrosion rate for a majority of the sensitized LPBF

materials are shown to be lower than that of the wrought counterpart. Similar to the trends in the
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DL-EPR results, it is seen that there are differences in corrosion behavior between materials
printed at constant VED with varying printing parameters. This effect is seen in comparing the
behavior between samples with a VED of 78 J/Jmm? (A4, A5, and A6), but it is also shown in the

difference between the corrosion rates of samples with a VED of 132 J/Jmm? (A8 and A9).
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Fig. 5.7. Graph depicting corrosion rate values from the boiling sulfuric acid and ferric sulfate
test for sensitized LPBF materials as a function of volumetric energy density. Points represent
mean corrosion rate values and error bars represent the standard deviation. A black horizontal
line labeled as “W” represents the corrosion rate for sensitized wrought material.

Fig. 5.8 shows scanning electron micrographs of sensitized wrought and select LPBF
materials after exposure in boiling ferric sulfate and ferric sulfate. For each micrograph, damage
is clearly observed along the grain boundaries. Greater amount of grain fall out is seen in samples
Al (Fig. 5.8b) and A3 (Fig. 5.8c), while little to no fallout is seen in samples A8 (Fig. 5.8d) and
A9 (Fig. 5.8e). Itis also to to be noted that samples A8 and A9 seem to have larger grains compared

to Al and A3.
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Fig. 5.8. Scanning electron micrographs of sensitized (a) wrought, (b) LPBF Al, (c) LPBF A3
(d) LPBF A8 (e) LPBF A9 after testing in boiling sulfuric acid and ferric sulfate. The LPBF
surfaces depicted are oriented perpendicular to the build direction. The surfaces shown are
oriented perpendicular to the build direction.

Fig. 5.9 shows cross sections of sensitized wrought material exposed to a boiling ferric
sulfate and sulfuric acid environment before and after etching in Carpenter’s etchant. Fig. 5.9a
shows the equiaxed grains on the metal surface. From Fig. 5.9b, the etching highlights the grains
and further confirms that the attack propagates along the grain boundaries. In the case of the
normal-rolling surface, damage propagates along the equiaxed grains. However, for the normal-
transverse direction (Fig. 5.9c), deeper fissures are observed and the etching (Fig. 5.9d) reveals

that damage may propagate along inclusion stringers in the wrought material.
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Fig. 5.9. Cross-sections of sensitized wrought material showing damange along the normal-
rolling plane after testing in boiling sulfuric acid and ferric sulfate are shown (a) before and (b)
after etching in Carpenter’s etch. Cross sections for the transverse-rolling plane (c) before and
(d) after etching are also shown.

Fig. 5.10 shows cross sections of sensitized LPBF material exposed to a boiling ferric
sulfate and sulfuric acid environment before and after etching in Carpenter’s etchant. For all LPBF
materials, it is seen that damage takes place along the grain boundaries as confirmed by
metallographic etching. In the case of materials Al (Fig. 5.10a and Fig. 5.10b) and A3 (Fig. 5.10c
and Fig. 5.10d), deeper propagation of damage is observed not only through grain boundaries but
also through what appears to be lack-of-fusion pores. These pores are not observed in LPBF
materials A8 (Fig. 5.10e and Fig. 5.10f) and A9 (Fig. 5.10g. and Fig. 5.10h.), and fissures that are

not as a deep are qualitatively observed.
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Fig. 5.10. Cross-sections of sensitized LPBF material showing damage along the orientation
perpendicular to the build direction after testing in boiling sulfuric acid and ferric sulfate for
LPBF materials Al (a) before and (b) after etching, A3 (c) before and (d) after etching, A8 (e)
and (f) before and after etching, and A9 (g) before and (h) after etching.

Fig. 5.11 shows damage depth as a function of average measured corrosion rate in the

boiling ferric sulfate and sulfuric acid test for LPBF and wrought materials. It is seen generally
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that larger measured damage depths acre associated with higher measured corrosion rates. It is
also interesting to take note of how the standard deviation is higher for LPBF materials A1 and
A3. Finally, in the case of the wrought material, damage propagation is reported for two

orientations and greater differences in damage depth is observed.
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Fig. 5.11. Graph depicting damage depth along the surface perpendicular to the build direction
from cross sectional analysis as a function of measured of corrosion rate from the boiling
sulfuric acid and ferric sulfate test for select LPBF materials. Damage depths are shown for the
wrought material in the NT and NR plane.

Fig. 5.12 combines the results from the DL-EPR potentiodynamic test as well as the boiling
ferric sulfate and sulfuric acid mass loss test. This graph plots corrosion rate from the mass loss
test as a function of measured DOS from the DL-EPR test. The DOS values are reported on a

logarithmic scale. Higher mass loss rates are generally associated with higher DOS values.
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Fig. 5.12. Scatterplot showing relationship between recorded DOS value from the DL-EPR
test and the corrosion rate from the boiling sulfuric acid and ferric sulfate test.

5.5 Discussion

The discussion section is set up in a way that first discusses results from the EPR
experiments followed by the mass loss test. The impact of processing parameters is discussed in
discussed with respect to the volumetric energy density value. Finally, the concurrent validity of

each test in IGC testing of sensitized LPBF alloys is discussed.

5.5.1 EPR Experiments

The DL-EPR scan is a test that is traditionally used to detect the susceptibility of wrought
austenitic steels to intergranular corrosion [26-29]. The DL-EPR test was originally developed for
304 stainless steel and is usually performed with 0.5 M H2SO4 and is scanned to a maximum
potential of 0.3 V vs. SCE. This modified DL-EPR test is relatively more aggressive due to higher
acid concentration and lower maximum potential as the 316 grades contain Mo and typically have

passive films that are more resistant to breakdown [33-37]. From the scans shown in Fig. 5.3,
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reactivation in the reverse scan is clearly observed in both wrought and LPBF samples that have
been held at 675°C for 24 hours. In the case of LPBF Material A3, the scan behavior differs greatly
from that of the wrought and LPBF Material Al. This major difference in scan behavior may be
due to reactivation current densities that greatly exceed the cathodic current density in that
potential range so that a cathodic loop is not observed in the scan.

Post-test micrographs further highlight that the reactivation is mainly attributed to grain
boundary depassivation. For the wrought (Fig. 5.4a) and the LPBF material (Fig. 5.4c), preferential
corrosion of the grain boundaries is observed. In the case of the LPBF material, small pit-like
structures are observed within the grains, but the damage is mainly seen at the grain boundaries.
Other works have shown that this temperature range does not necessarily anneal away the cellular
structures [15,38,39]. While this grain boundary corrosion is clearly observed, most of this
dissolution most likely took place during the forward scan of the DL-EPR scan due to how the
activation currents are 2-3 orders of magnitude higher than the reactivation currents measured
during the reverse portion of the EPR scan . SL-EPR scans were ultimately performed to confirm
that electrochemically passivated as-ground wrought and LPBF material would exhibit grain
boundary corrosion when polarized to potentials that induce active corrosion. These
characterization experiments further highlight the use of the DL-EPR in testing susceptibility to
intergranular corrosion. While this manuscript is not focused on the corrosion properties of as-
built LPBF material, it is important to note that this type of intergranular behavior is not typically

observed in as-built LPBF material [12,15,16,18,19,40,41].

DOS calculations show that material printed at lower volumetric energy density values are
generally more susceptible to intergranular attack. While it is seen that the DOS value is higher

for materials printed at lower VED values, the results also indicate that the VED value alone is not
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sufficient in describing susceptibility to intergranular corrosion. This effect is evident in comparing
DOS values of materials printed with VED values of 78 J/mm?® (A4, A5, and A6) as well as
materials printed with a VED of 132 J/mm?® (A8 and A9). In discussing the materials printed with
a volumetric energy of 78 J/Jmm?3, it is observed that while there is an overlap between the DOS
values for sensitized A5 and A6, A4, the material from this trio with the lowest scan speed is
shown to demonstrate the lowest susceptibility to IGC. Similarly, in comparing the results of the
two materials printed with a VED of 132 J/mm?® (A8 and A9), the material with the lower scan
speed (A8) has lower susceptibility compared to the material printed with a higher scan speed at
the same VED (A9). Multiple studies in sensitized wrought austenitic steels have attributed higher
DOS values to smaller grain sizes which effectively lead to a greater density of sensitized boundary
prone to reactivation [42-46]. Post-DLEPR testing microscopy for select LPBF materials further
justifies this in comparing the post-test micrographs of LPBF A4 and A6, materials printed with
VED values of 78 J/mm?3. Material A4 was printed with a lower scan speed in comparison to A6
and a greater number of grain boundaries are observed in the A6 variant. This trend between
microstructure and laser processing has been shown in various alloy systems and is likely due to
how more rapid solidification conditions result in more refined grains [42-46]. From the DL-EPR
results and post-test micrographs, it is therefore proposed that grain boundary density greatly

dictates observed trends in DOS.

5.5.2 Mass Loss Testing

While the DL-EPR test investigates the tendency of grain boundaries for depassivation,
boiling acid tests are another way that tests intergranular corrosion susceptibility through mass
loss. In these tests, grain boundaries corrode in the case of sensitized alloys and mass loss takes

place through the dislodging and dropping of entire grains [1,30] and this mechanism is clearly
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seen in post-test micrographs (Fig. 5.8). The boiling test provided by ASTM A-262 Practice B
uses ferric ions as an oxidizer and it has been shown that mass loss takes place due to the
continuous formation and breakdown of a protective oxide [1,2,30,32]. This process occurs more
rapidly in areas that are depleted of chromium such as areas adjacent to sensitized grain boundaries
[1,30].

In observing trends between mass loss rate and VED, it is seen that mass loss is generally
higher in the case of sensitized materials printed with lower VED values. It is seen that materials
printed with lower VED (Fig. 5.8b and Fig. 5.8c) have smaller grains compared to those printed at
higher VED (Fig. 5.8d and Fig. 5.8e). A higher density of grain boundaries more efficiently favors
the ability of grains to dislodge due to the lower amount of grain boundary that needs to dissolve
before an entire grain can dislodge [47,48]. This relationship between grain size and the
mechanism of mass loss is consistent with trends between processing parameters and corrosion

rates.

Cross-sectional analysis provides further insight into the mechanism of IGC in sensitized
LPBF alloys. However, in observing the post-test cross sections for sensitized wrought material,
it is seen that mass loss can take place through the dropping of individual grains (Fig. 5.9a and Fig.
5.9b) and penetration through what appear to be inclusions (Fig. 5.9c. and Fig. 5.9d.). These
inclusions are anticipated to be manganese sulfide inclusions and have shown to lead to end-grain
corrosion in environments such as boiling nitric acid. Studies have reported that these are typically
eliminated during the LPBF process [12,17]. Therefore, it is not surprising that the wrought

material has a higher mass loss rate than a majority of the LPBF materials.

Cross-sectional analysis of sensitized LPBF alloys after the boiling test reveals dramatic

differences in how LPBF defects can dictate the propagation of damage. First, it is seen that the
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lower VED materials (Fig. 5.10b.) have smaller grains than higher VED materials (Fig. 5.10f.) and
further supports how a greater amount of grain boundary needs to dissolve in higher VED materials
before individual grains can fallout. Outside of grain size, LOF porosity is seen in materials with
lower VED such as Al (Fig. 5.10a.) and A3 (Fig. 5.10c.). It is clear in the LPBF literature that
lower VED tends to lead to defects due to incomplete melting of powder and/or fusion of liquid.
While it is observed that LPBF materials A8 (Fig. 5.10e) and A9 (Fig. 5.10g) display penetration
simply through the propagation of damage along grain boundaries, LOF defects in the lower VED
materials seem to reinforce IGC propagation. IGC damage can be observed in the actual pores in
the lower VED materials suggesting that the oxidizing solution was eventually able to enter these
pores. The consequence of these processing conditions is also highlighted in measuring 1GC
damage depths (Fig. 5.11) and shows how higher corrosion rates are associated with a greater
damage depth. These results further highlight the detrimental nature of these defects in promoting

further IGC propagation in LPBF materials.

Although the DL-EPR potentiodynamic test and the mass loss test vary in how they detect
IGC susceptibility, concurrence is observed between the two tests from Fig. 5.12. It was
highlighted how grain refinement would lead to detrimental results for both tests so the trends in
results between these two tests is logical. Whereas the discussion of relatively susceptibility was
limited to the presence of LPBF defects and grain size, a more holistic consideration of
microstructural features needs to be taken into account especially with respect to processing
parameters. For example, multiple studies have cited the impact of boundaries such as twin
boundaries and low angle grain boundaries that increase resistance to sensitization and
intergranular corrosion [47,49]. Due to the relevance of IGC susceptibility in the area of stress

corrosion cracking, these studies provide further motivation to study the behavior of sensitized
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LPBF alloys from a fracture mechanics perspective [7-9,50,51]. These experiments, however,
show the general relationship between processing parameters and IGC susceptibility as well as the

applicability of using these tests as a tool for assessing IGC behavior in sensitized LPBF 316L.

5.6 Conclusions
e Testing of thermally treated wrought and LPBF 316L DL-EPR and ferric sulfate/sulfuric

acid mass loss tests demonstrate susceptibility to sensitization and intergranular
corrosion.

e In both tests, it was generally found that LPBF materials printed with lower VED values
are more prone to IGC.

e VED simply cannot be used as a predictor for IGC susceptibility due to variations in IGC
behavior printed at varying conditions at constant VED. Nevertheless, materials printed
with higher scan speed at constant VED demonstrated greater susceptibility to IGC.

e Post-test characterization shows grain refinement and a higher amount of porosity in
lower VED materials that may be key to increased IGC susceptibility.

e Under constant VED, material printed at higher scan speed have more refined grains

which may lead to greater IGC susceptibility.
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6 Conclusions
6.1 Chapter 3: Overview of Corrosion Phenomenology in Additively Manufactured 316L
(1) The work identified and described selective corrosion in phenomenology in AM 316L

produced by both LPBF and DED.

(2) Under conditions that promote active dissolution, microstructural features that had higher
chromium and molybdenum experienced less dissolution compared to areas poor of these
elements.

a. For LPBF 316L, cellular dendritic boundaries had higher chromium and
molybdenum.

i.  Under active dissolution in potassium thiocyante and sulfuric acid, cellular
dendritic interiors underwent preferential corrosion.

ii. Under active dissolution in ferric chloride and sodium chloride
environments, pit interiors exhibited preferential corrosion at the cellular
interiors.

b. For DED 316L, the ferritic phase had higher chromium and molybdenum.
i.  Under active dissolution in potassium thiocyante and sulfuric acid, the
austenitic phase demonstrated preferential corrosion.

(3) Under conditions that promote transpassive dissolution, microstructural features that had
higher chromium and molybdenum experienced preferential dissolution compared to
areas poor of these elements.

a. For LPBF 316L, cellular dendritic boundaries had higher chromium and
molybdenum.
i. Under transpassive dissolution in sulfuric acid, cellular dendritic

boundaries underwent preferential corrosion.
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ii. Cellular boundaries experienced preferential corrosion in boiling nitric
acid due to chromium oxidation to the hexavalent state.
b. For DED 316L, the ferritic phase had higher chromium and molybdenum.
i. Under transpassive dissolution in sulfuric acid, the ferritic phase

demonstrated preferential corrosion.

6.2 Chapter 4: The Effect of Processing on LPBF 316L Selective Corrosion
(1) This work is focused on the relationship between reactivation behavior and LPBF

processing parameters.

(2) Using the DLEPR test as a tool for determining susceptibility to reactivation, it was
determined that LPBF materials printed at lower volumetric energy density tend to
demonstrate greater propensity for surface reactivation.

a. The limits of using volumetric energy density have also been shown. At constant
VED, it was demonstrated how there is greater propensity for reactivation for
materials printed with higher scan speed

(3) Modified SLEPR and DLEPR tests further validate the results from the DLEPR scan.

a. The SLEPR scan shows how a passivated surface will demonstrate reactivation
through preferential dissolution of the cellular dendritic interiors due to lower
chromium and molybdenum at the interiors.

b. When comparing the SLEPR behavior between material with zero and non-zero
DOR values, the material with a non-zero DOR value demonstrated a higher
degree of corrosion shown through dissolution of cellular dendritic interiors.

c. Under active conditions, potentiostatic holds of passivated material that had zero

and non-zero DOR values from the DLEPR scan showed that the material with
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the non-zero value had higher anodic dissolution currents compared to the
material that demonstrated zero DOR.

d. These tests further validate the use of the DL-EPR method in detecting
susceptibility to surface reactivation as well as the role of the cellular dendritic

structures in observed electrochemical behavior.

6.3 Chapter 5: Sensitization and Intergranular Corrosion of Thermally Treated LPBF 316L
(1) This work describes IGC phenomenology in sensitized LPBF 316L and the role of

processing parameters on susceptibility to IGC and sensitization.

(2) 1GC testing through the DLEPR technique and mass loss testing in boiling ferric sulfate
and sulfuric acid showed that material printed with lower VED values had greater
susceptibility to intergranular corrosion.

a. Post-test characterization showed that susceptibility may be to greater grain
refinement at lower VED and a higher level of porosity.

b. VED alone is not sufficient in predicting IGC susceptibility and it was found that
constant VED, material printed at higher scan velocity had greater susceptibility.

(3) The consistency between DLEPR testing and the boiling acid mass loss test as well as
post-test characterization validate the use of these techniques in assessing IGC

susceptibility for heat treated LPBF 316L.
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7. Appendix: Supplemental Publications

The appendix highlights manuscripts that have been approved for publication. The
manuscript “Unexpected Interface Corrosion and Sensitization Susceptibility in Additively
Manufactured Austenitic Stainless Steel” briefly discusses observations of melt pool boundary
dissolution in LPBF 316L. It also shows observations of intergranular corrosion in sensitized
LPBF 316L. The manuscript “Applications of Wrought Austenitic Stainless Steel Corrosion
Testing to Laser Powder Bed Fusion 316L" applies standardized tests to a multitude of LPBF 316L
printed with difference parameters and machines. Like the body of the dissertation, this publication
focuses on localized corrosion in LPBF alloys and is a critique on the applicability of conventional
testing on LPBF alloys. The manuscript “Localized Corrosion in Additively Manufactured
Stainless Steel and Aluminum Alloys” is a brief discussion of corrosion in additively
manufactured stainless steel and aluminum alloys. In relation to the material in the dissertation,
this manuscript talks about melt pool and cellular interior dissolution. It also discusses the

corrosion of LPBF 316L after hot isotactic pressing.
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This communication describes observations of unexpected
microstructural interface susceptibility to accelerated dissolu-
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built condition, as well as more rapid sensitization of grain
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lytic etching in persulfate solution was used to evaluate the
susceptibility of microstructural interfaces to accelerated
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melt pool boundaries in the as-built condition were susceptible to
accelerated attack, although the small grains within the prior
melt pools were not. Furthermore, short, elevated temperature
exposure (1 h at 675°C) also induced sensitization of the grain
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confirmed that no microstructural interfaces showed sus-
ceptibility to accelerated dissolution, and grain boundaries could
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INTRODUCTION

Currently there is an intense interest in the use of
additive manufacturing (AM) methods for a range of
materials.! Opportunities are abundant for compo-
nent complexity and design,? material (and multi-
material) control,” and repair of existing structures.?
The study of additively manufactured materials (namely
metallic materials) to date has principally focused on
mechanical properties, often with the goal of generating
strength and ductility at least equivalent to that of
wrought counterpart alloys.® Corrosion studies have
been limited, with several focusing on the role of
manufacturing defects as precursor sites for localized
corrosion initiation.*”

Additive manufacturing of metallic alloys nomi-
nally commenced with high-value alloys (on the basis
of cost savings from the additive nature of manufac-
turing and component complexity in the aerospace in-
dustry) such as nickel and titanium alloys, which are
nominally corrosion resistant.®'° However, most
recently, stainless steels are becoming increasingly
explored in the context of AM on the basis of the ability
to rapidly and economically deploy so-called corrosion
resistant alloys in a range of industries, including
replacement components. Austenitic stainless steels
such as Type 316L (UNS $31603"") are nominally
single-phase microstructures, but are inherently
susceptible to intergranular corrosion when second
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TABLE 1
Chemical Composition of Wrought and AM 316L"
Fe Cr Ni Mo Mn S Cu C N o
Wrought Bal. 16.7 10.2 1.99 1.48 0.0011 0.350 0.023 0.029 0.0028
AM Bal. 18.1 10.8 2.51 1.42 0.0086 0.029 0.014 0.048 0.0510

@ Fe, Cr, Mn, Mo, and Ni content were determined through inductively coupled plasma optical emission spectrometry. S and Cu content were
determined through glow discharge mass spectrometry. C, N, and O content were determined by instrumental gas analysis.

phases form at grain boundaries, which cause a local
depletion of chromium (Cr) in the areas adjacent to the
grain boundaries.''*? This grain boundary sensiti-
zation occurs as a result of elevated temperature
exposure (~550°C to 800°C) for periods of time that
depend on the alloy carbon content.'? Local micro-
structural regions denuded of chromium no longer
have the local composition to remain “stainless” and
thus undergo rapid dissolution in many environ-
ments.'? Susceptibility to intergranular corrosion also
can represent susceptibility to intergranular stress
corrosion cracking.'® This communication describes
observations of unexpected microstructural interface
susceptibility to accelerated dissolution in AM 316L in
the as-built condition, as well as more rapid sensi-
tization of grain boundaries upon exposure to elevated
temperature. The discovery of degradation phenom-
ena unique to AM is an area of significant and timely
relevance.

EXPERIMENTAL PROCEDURES

AM 316L specimens of 60 mm x 20 mm X 20 mm
were produced by selective laser melting (SLM) using an
EOS M280' instrument. The 316L powder was sup-
plied by Sandvik Osprey,”® and melted using the fol-
lowing parameters: laser scanning speed of 960 m/s,
laser power of 205 W, and hatch distance of 0.11 mm.
The wrought 316L sheet (12.7 mm thick) used was
obtained from North American Stainless’ and its com-
position was also within specifications. Chemical
analyses of both the wrought and AM 316L were per-
formed at EAG Laboratories (Liverpool, New York) and
the results are shown in Table 1.

Etching for grain boundary and interface sensi-
tization was performed according to ASTM A262 Prac-
tice A,” applying 1 A/cm? for 5 min to a previously
ground (to 1200 grit) surface exposed to 10 wt% solution
of ammonium persulfate ((NH4)2S50g), as recom-
mended for Type 316L stainless steel. Following etching,
samples were rinsed and sonicated in ethanol and
examined with both optical microscopy and white light
interferometry (Zygo NewView 7300 Optical Surface
Profiler’). Mountain Maps' software (version 6,

Digital Surf) was utilized to obtain topographical

 Trade name.
@ The 316L powder had the following composition in weight percent:

17.0% Cr, 10.6% Ni, 2.1% Mo, 1.32% Mn, 0.66% Si, 0.03% P, 0.02% S,

0.01% C.
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profiles from interferometry data. Representative line
scans were extracted to confirm the nature of the
etching structures observed. Scanning electron
microscopy (ThermoFischer Quanta LV 200") was
implemented to obtain higher resolution images of
the etched structures. All AM 316L images were
performed on cross sections perpendicular to the
build direction.

RESULTS AND DISCUSSION

The persulfate etching of wrought 316L (in the as-
received condition) reveals a classic “step” etch struc-
ture in which grains dissolve uniformly (Figure 1[a]).
The etching of unique grains in persulfate solution
occurs at different rates as a result of the crystallo-
graphic dependence of dissolution rate in acid under
oxidizing conditions in the absence of chloride.'* The
deliberate sensitization of wrought 316L (by 24 h
exposure at 675°C) led to a “ditch” etch structure
(Figure 1[b]) in which the grain boundaries, depleted in
chromium, dissolve at significantly higher rates than
grain interiors. Shorter time exposure at 675°C did not
result in grain boundary sensitization detectable with
persulfate etching. It was also revealed that annealing
(1 h exposure at 1,100°C) homogenizes the chromium
concentration,'? leading back to a step etch structure
(Figure 1[c]).

In contrast to the behavior of wrought 316L, the
etching of as-built AM 316L revealed extensive melt pool
boundary attack (Figure 1[d]). Essentially, the entire
boundary was dissolved around each melt pool during
etching, while the interiors (to the melt pool bound-
aries) appeared to dissolve uniformly. Interestingly, it
was determined that only ~1 h of exposure to 675°C
was required to cause sensitization of grains inside the
melt pools for the AM 316L (Figure 1[e]). In addition,
the melt pool boundaries were still active, with grains
extending across the melt pool boundaries. Even
more curiously, the annealing of AM 316L (1 h expo-
sure at 1,100°C) led to both the formation of pores
(of the order of 30 um to 50 um in diameter) and a
generalized activation/uniform dissolution of the
surface (Figure 1[f]), rather than the formation of a step
structure, as one would expect. This set of phenomena
has not been previously reported or documented in the
context of AM prepared fully austenitic stainless steels.

The differences in the etching structures
obtained are confirmed by optical profilometry to be a
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FIGURE 1. Optical micrographs following persulfate etching of: (a) wrought 316L, unsensitized, (b) wrought 316L, sensitized
at 675°C for 24 h, (c) wrought 316L, sensitized then annealed at 1,100°C for 1 h, (d) AM 316L, unsensitized, (e) AM 316L,
sensitized at 675°C for 1 h, and (f) AM 316L, sensitized and annealed. Note: different magnifications used to highlight
etching structures.

result of crystallographically-controlled dissolution as-received AM 316L were notably deeper (ca. 4 um)
for step structures (Figure 2[a] corresponding to than that those observed on what is considered to
Figure 1[c]), and interface attack (Figure 2[b] corre- be heavily sensitized (24 h at 675°C) wrought 316L
sponding to Figure 1[d]). The depths of the attack in the (ca. 2 pm).
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FIGURE 2. Optical profiometry of (a) step structure from wrought 316L after sensitization and subsequent annealing, and (b)
as-received AM 316L.
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Scanning electron microscopy using secondary
electron imaging highlights the inner melt pool micro-
structure after etching. Although melt pool bound-
aries underwent rapid attack, the melt pool interiors
exhibited almost uniform dissolution in the as-built
sample (Figure 3[a]), which is very curious as prelimi-
nary electron backscatter diffraction (EBSD) work
confirms a distribution of grains with different orien-
tations within the melt pools. After undergoing heat
treatment for 1 h, step-like attack was observed within
the melt pools revealing the grains (Figure 3[b]). Even
more surprisingly, exposure to at 675°C for 9 h resulted
in the sensitization of the grain boundaries within the
melt pools, although 24 h at 675°C is required to
observe sensitization in the wrought material. As the
grain sizes in the wrought 316L are marginally higher
than those of AM 316L, this observation is in contrast
with work that showed an inverse relationship between
degree of sensitization and grain boundary area in
austenitic stainless steels.'® These observations provide
even further motivation to investigate the sensitiza-
tion mechanism in AM 316L.

The details regarding the source of the sensiti-
zation are under current study. It seems unlikely that
the initial observed corrosion susceptibility phe-
nomenon is the same as traditional chromium depletion
at grain boundaries via formation of Cr5Cs, as the
depth of attack at the melt pool boundaries does not
become more severe with the 1 h (or longer) sensiti-
zation treatment at 675°C. X-ray diffraction (not
reported herein) showed no indication of the forma-
tion of other phases (such as ferrite). One possibility is
the formation of sigma phase (6)'®'® resulting from
extended times at elevated temperatures during the
build. A second possibility is that the higher nitrogen
content of the AM material, along with its rapid solidi-
fication from the melt, could have led to the formation
of CryN at the melt pool boundaries, which would lead to
increased susceptibility to dissolution, as is the case
for their formation in duplex stainless steels.'® Trans-
mission electron microscopy studies will be required

(@)

x F

FIGURE 3. Secondary electron images of persulfate etching of (a) as-received AM 316L, (b) AM 316L sensitized at 675°C for

1 h, and (c) AM 316L sensitized at 675°C for 9 h.

to assess these hypotheses and are planned. The
transition in behavior for AM-prepared 316L upon
annealing is particularly curious and merits reporting.
The nominally hemispherical pores that form were
not present in the as-received or any of the sensitized
AM 316L. The higher annealing temperature may give
sufficient vacancy mobility to allow coalescence into
pores.19 The generalized activation/uniform disso-
lution of the surface and widespread pitting (~5 um
diameter) remains unexplained.

AM 316L has been demonstrated to be more
resistant to pit initiation compared to wrought 316L.>”
The improved pitting resistance in AM 316L was
attributed to the absence of detrimental MnS inclu-
sions, which were annihilated during the SLM pro-
cess.” However, the pit initiation sites and pitting
mechanisms in AM 316L are yet to be clarified,
although some researchers have hypothesized that the
pit initiation sites may actually be related to pores on
the AM alloy surfaces.® In regard to the influence
of porosity, Sander, et al.,® observed that the repas-
sivation potentials for AM specimens decrease with
increasing specimen porosity. Herein, it was observed
that AM 316L was more prone to sensitization, and thus
intergranular corrosion, compared to wrought 316L.
Also, it has been identified that annealing of AM 316L
will have a profound influence on its corrosion
characteristics, although the reason for this difference
in behavior relative to wrought materials is unknown.
These contrasting sets of results for the two materials, in
terms of pitting and intergranular corrosion, provide
motivation for the investigation of similar microstruc-
tural interfacial sensitization in other AM materials,
as well as the effects of powder characteristics, pro-
cessing parameters, and post-build heat treatments.
Such studies are particularly relevant for materials that
have issues with traditional welding or exposure to
elevated temperatures. For example, wrought 316L has
been shown to form phases including ¢ and carbides
(M33Ce) upon extended aging'®'” in the temperature
range of 600°C to 900°C, which may also be

FTD|SF
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influenced by cold work; however, such phase formation
(and kinetics) in AM 316L have not been explored
to date.
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Applications of Wrought Austenitic Stainless
Steel Corrosion Testing to Laser Powder
Bed Fusion 316L

Duane Armell T. Macatangay,”* Jenna M. Conrades,* Keegan L. Brunner,* and Robert G. Kelly*

Recent developments in the 3D printing of austenitic stainless steels have led to the need for standardization of electrochemical techniques
used to assess the corrosion performance of these alloys. Currently, ASTM standards for austenitic stainless focus on assessing their
resistance to different modes of corrosion such as pitting, crevice, and intergranular corrosion. Due to the complexity of the additive
process, selective corrosion occurs in microstructural features such as cellular structures and melt pool boundaries. Standardized corrosion
testing needs to incorporate these microstructural features. This study characterizes the corrosion behavior of laser powder bed fusion
stainless steel in a variety of ASTM standards with special attention to melt pool boundary dissolution, cellular structures, and intergranular

corrosion.

KEY WORDS: additive manufacturing, intergranular corrosion, laser powder bed fusion, localized corrosion, sensitization, solidification

INTRODUCTION

aser powder bed fusion (LPBF) is a form of additive

manufacturing that builds material on a layer-by-layer basis
through laser melting of powder and rapid solidification.’3
Research in LPBF has shown great control over the refinement of
mechanical properties such as strength and ductility.>*" Due
to conditions of rapid solidification, metal alloys made through
LPBF have unique microstructural features such as melt pool
boundaries, cellular structures, and melt pool boundaries.>6-°
The effect of processing parameters, such as scan speed and
laser power, on the nature of these microstructural features has
also been thoroughly investigated.” Due to the inevitable
formation of a nonequilibrium microstructure in LPBF alloys,
questions and concerns of selective corrosion validly arise.

The issue of corrosion is gaining attention in informing the
longevity and performance of these alloys.’®"* Multiple works
have acknowledged the effects of porosity from the lack of
fusion or keyholing as problematic from the perspective of pitting
corrosion.”'>'7 |n oxidizing environments such as ferric
chloride and ammonium persulfate, works have shown the sus-
ceptibility of melt-pool boundary attack in different alloy
systems.’®'® Due to observations of elemental segregation from
rapid solidification and the formation of cellular structures,
localized corrosion is observed across different alloy sys-
tems.'%131518 Other work has also shown how LPBF alloys
may be more susceptible to sensitization upon exposure to
elevated temperatures.’®® Despite the great advance in in-
vestigating the implications of these microstructural features on
corrosion, standardized testing does not exist in specifically
addressing localized corrosion susceptibility in these alloys in a

way that acknowledges the unique and complex LPBF
microstructure.

Currently, standards exist in determining the suscepti-
bility of stainless steel grades such as 304 (UNS S30400'") and
316 (UNS S31600) to different forms of selective and localized
corrosion.?>2* Grades such as 304 and 316 have a nominally
homogenous and single-phase microstructure.?® Suscepti-
bility to pitting corrosion is dictated by the presence of
manganese-sulfide inclusions and can be determined by
standards such as ASTM G-48.2628 Additionally, intergranular
corrosion is an issue with steel exposed to elevated tem-
peratures due to grain boundary precipitation of carbides and
tests have been determined to test the susceptibility of these
alloys to this form of selective corrosion from galvanostatic
etching to mass loss testing.2° However, these standards are
catered more toward the microstructural features of conven-
tionally wrought stainless steel. Thus, there is a need to
determine if these tests are representative of localized corrosion
that take place in LPBF alloys such as 316L (UNS S31603).

The primary goal of this work is to determine if current
standardized tests are appropriate in capturing the tendency for
localized corrosion in these alloys. In this study, ASTM stan-
dards specific to determining the susceptibility to intergranular
corrosion in LPBF 316L of various printing parameters are
utilized. ASTM A262 describes a qualitative test through galva-
nostatic etching and a quantitative test through mass loss
testing in boiling nitric acid.?*2° An electrochemical technique
known as the double-loop electrochemical potentiokinetic test
is also assessed.3°3? The quantitative tests were supplemented
with post-test microscopy to determine if the tests capture
observations of localized corrosion in these alloys. These tests
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were performed on as-built LPBF 316L, but they were also
applied to LPBF 316L that have been exposed to elevated
temperatures that would lead to sensitization. This study is
designed to be critical of the application of conventional tests in
determining corrosion behavior for both as-built and sensi-
tized LPBF 316L. In order to broadly capture corrosion
phenomena in LPBF 316L, builds from various processing
methodologies were utilized.

EXPERIMENTAL PROCEDURES

Conventionally wrought 316L plate from North Ameri-
can Stainless’ was used as a basis for comparison. In this study,
three LPBF materials were tested. In addition to varying scan
parameters, different machines were used for each part that
was printed. Table 1 identifies these three samples and lists
scanning parameters such as laser power, scan speed, hatch
distance, and layer thickness. The machine that was used to
print each sample and volumetric energy density are also
indicated in Table 1. For all testing performed in this study,
LPBF samples were cut from parts that were originally printed
with dimensions of 20 mm x 20 mm x 60 mm. Post pro-
cessing methods such as hot isotactic pressing or stress
relieving were not performed. In each case, powder was not
reused from previous builds. Due to previous printing of other
alloys in these machines, the machines were made sure to be
cleaned prior to the printing of materials for this study. In the
case of LPBF materials 1, powder from Sandvik Osprey' was
used with a nominal particle size distribution of -53 pm to
15 pm. In the case of LPBF materials 2 and 3, powder from
Oerlikon was used with a nominal particle size distribution of
=45 pm to 15 pm.

Table 2 shows the composition of wrought and LPBF
materials. Inductively coupled plasma atomic emission spectros-
copy was used to obtain the composition of iron, nickel, mo-
lybdenum, chromium, and manganese. Instrumental gas analysis
was used to determine the levels of carbon, nitrogen, and
oxygen. Glow discharge mass spectrometry was used to deter-
mine the composition of silicon, phosphorus, sulfur, and copper.

2.1/ Sensitization

In addition to the performance of corrosion testing on as-
built LPBF and as-is wrought 316L, testing was also performed on
sensitized samples. Sensitization was achieved by exposing
each sample to a temperature of 675°C for 24 h under ambient
atmospheric conditions. A water bath was then used to
quench each sample.

2.2 [ Galvanostatic Etching

Galvanostatic etching was performed for all as-built
(wrought and LPBF) and sensitized samples (wrought and LPBF)
as detailed by ASTM-A262 practice A and is traditionally used
to screen the susceptibility of stainless steel to intergranular
corrosion.2* All materials were ground to a 1200 grit finish. The
surface tested was perpendicular to the build direction. A solu-
tion of 10 wt% ammonium persulfate was used as the elec-
trolyte for etching. A constant current density of 1 A/cm? was
applied. Micrographs were obtained through scanning elec-
tron microscopy (FEI Quanta 6507. It is to be noted that while
oxalic acid is the common etchant given by this standard,
ammonium persulfate is the etchant to be used for molybdenum-
bearing steels.?*

T Trade name.

Table 1. Processing Parameters of LPBF Materials

LPBF LPBF LPBF
Material 1 | Material 2 | Material 3
Laser Power (W) 205 235 220
Scan Speed (mm/s) 960 700 755.5
Hatch spacing (mm) 0.11 0.11 0.1
Layer thickness (mm) 0.04 0.05 0.02
Volumetric energy 48.53 61.04 132.36
density (J/mmq)
Machine EOS M280" | SLM 125" | EOS M290"
Shielding gas Nitrogen Argon Argon

Table 2. Composition of Wrought and LPBF Materials
in wt%

LPBF LPBF LPBF
Material | Material | Material
Wrought | 1 2 3

Iron Balance Balance Balance Balance
Chromium 16.7 18.1 171 17.9
Manganese 1.48 1.42 0.68 1.50
Molybdenum 1.99 2.51 2.32 2.40
Nickel 10.2 10.8 127 10.7
Copper 0.35 0.029 0.061 0.025
Silicon 0.27 0.86 0.61 0.060
Carbon 0.023 0.014 0.013 0.016
Nitrogen 0.029 0.048 0.071 0.020
Oxygen 0.028 0.051 0.048 0.060

2.3 | Double-Loop Potentiokinetic Reactivation Test
The double-loop potentiokinetic reactivation (DL-EPR) test
is a cyclic potentiodynamic method for quantifying the degree of
sensitization (DOS) in stainless steel. The electrolyte used for
these scans contained 1 M H,SO, and 0.01 M KSCN. The refer-
ence electrode used was a standard calomel electrode (SCE).
All samples were ground to a 1200 grit finish and were tested in
the orientation perpendicular to the build direction. Prior to the
DL-EPR scan, the material was under open-circuit conditions for
30 min. Starting from the open-circuit potential (typically
~-0.4 Vscp), the working electrode was scanned to a potential of
300 mVsce at a rate of 1.67 mV/s. Upon reaching this maximum
potential, the working electrode was scanned in the reverse
direction back to the open-circuit potential at the beginning of
the test. Post-test micrographs were obtained through scanning
electron microscopy. The degree of sensitization is expressed
as the ratio of the peak current in the reverse scan and the peak
current in the forward scan. A horizontal flat cell setup was used
in testing and the solutions were not deaerated. Potentiodynamic
tests were repeated twice to ensure precision.

2.4 [Huey Test

The Huey test is a mass loss test that is used to deter-
mine the susceptibility of stainless steel to intergranular corro-
sion and is described in by ASTM A262 Practice C.2* LPBF
materials were ground to a 1200 grit finish. Cut samples had
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dimensions of 20 mm x 20 mm x 3 mm. In the case of LPBF
materials, the surface perpendicular to the build direction made
up the 20 mm x 20 mm square base. Materials were tested in
boiling 65 wt% HNO; solution. Five 48 h tests were run. The mass
was measured between each consecutive run and the solution
was freshly prepared for each of the five tests. Scanning electron
microscopy was implemented after the test to characterize the
corrosion morphology.

RESULTS

Figure 1 shows scanning electron micrographs from gal-
vanostatic etching with 10 wt% ammonium persulfate in conven-
tionally wrought stainless steels. In the case of as-is wrought
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FIGURE 1. Scanning electron micrographs of (a) as-is and (b) sensitized wrought 316L material. Micrographs were taken after galvanostatic

etching of material in 10 wt% ammonium persulfate.
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material, crystallographic stepping is seen. In contrast, sensitized
wrought material shows ditching along grain boundaries.

Figure 2 shows scanning electron micrographs from the
galvanostatic etching of LPBF materials 1, 2, and 3 (as indicated in
the experimental). Figures 2(a) through (c) are images taken at
magnification 500x. From these micrographs, localized ditching
can be seen at the melt pool boundaries. Crystallographic
stepping is also seen for the different grains within the melt
pools. Figures 2(d) through (f) are micrographs that were
acquired at 5,000x. At this level of magnification, cellular struc-
tures can be seen. Selective attack of the interior of these
cellular structures are observed.

Figure 3 shows scanning electron micrographs of sensi-
tized LPBF materials 1, 2, and 3, taken at a magnification of 500x

L
100 m
University of Virginia

A (f)

FIGURE 2. Scanning electron micrographs of as-built (a) LPBF material 1, (b) material 2, and (c) material 3 at a magnification of 500x. These
micrographs were taken after galvanostatic etching of each material in the as-built state. Scanning electron micrographs of (d) LPBF material 1,
(e) material 2, and (f) material 3 at a magnification of 5,000x. White arrows show areas of localized melt pool boundary attack. Orange arrows

point to areas of cellular attack.
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FIGURE 3. Scanning electron micrographs of sensitized (a) LPBF material 1, (b) material 2, and (c) material 3 at a magnification of 500x. These
micrographs were taken after galvanostatic etching of each material in the sensitized state. Scanning electron micrographs of (d) LPBF material
1, (e) material 2, and (f) material 3 at a magnification of 5,000x. White arrows show areas of localized melt pool boundary attack. Orange arrows

point to areas of intergranular attack.

and LPBF materials 1, 2, and 3 at 5,000x. Areas of localized melt
pool boundary attack and intergranular attack can be seen.

Figure 4 shows mass loss profiles for as-is wrought
materials and LPBF materials 1 and 2 under the Huey test. While
the mass loss for that of material 1 is greater than that of
material 2, there is no great difference between the two profiles
for the LBPF materials.

Figure 5 shows the post-test micrographs from the Huey
testing of as-is wrought and LPBF 316L. In every case, it seen
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FIGURE 4. Huey test mass loss profile for as-is wrought material and
as-built LPBF materials 1 and 2.

that there is attack along the grain boundaries. In every case,
little to no grain dislodgement is observed.

Figure 6 shows the mass loss profile for wrought and
LPBF materials 1 and 2 that have been sensitized under the Huey
test. While the mass loss for sensitized material 1 is greater
than that of the wrought material, it is seen that the mass loss
profile for sensitized material 2 is less than that of the wrought
material.

Figure 7 shows the post-test micrographs for sensitized
wrought and LPBF materials. In the case of the sensitized
wrought material, it is seen that there is clearly greater grain
fallout than in that of the as-received wrought material (shown in
Figure 5). In the case of the sensitized LPBF materials, grain
fallout is also seen. A greater amount of grain dislodgement is
seen in the post-test micrograph for material 1 compared to
material 2.

Figure 8 shows polarization curves described by the DL-
EPR procedure for both as-is (a) and sensitized wrought 316L (b).
In the curve for the as-is material, it is seen that there is no
reactivation in the reverse scan corresponding to a DOS value of
zero. In the sensitized wrought material, reactivation is ob-
served in the reverse scan, which would lead to the calculation of
a DOS value that is greater than zero.

Figure 9 shows the scanning electron micrographs of the
surfaces of (a) as-received and (b) sensitized wrought 316L after
the DL-EPR test. In the case of the sensitized wrought material,
localized ditching (analogous to that seen in the results of
galvanostatic etching) is observed.

Figure 10 depicts the polarization curves of as-built
LPBF 316L (a) material 1, (b) material 2, and (c) material 3in 1M
H>SO4 and 0.01 M KSCN as described by the DL-EPR pro-
cedure. It is to be noted that the polarization scan for material 1
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FIGURE 5. (a) Post-test scanning electron micrographs of as-built wrought material. The images of (b) LPBF material 1 and (c) material 2 are of
the surfaces oriented perpendicular to the build direction. The images of (d) LPBF material 1 and (e) material 2 are oriented parallel to the build
direction. These micrographs correspond to samples that have been tested through the Huey test. White arrows were added to indicate the

build direction.

displays a reactivation current in the reverse scan with a DOS
value of 3.30 x 1074, The polarization scans for materials 2 and 3
do not displays this behavior. Table 3 shows the character-
istic reverse current densities, forward peak current
densities, and the ratio of the reverse current to the forward
current.

Figure 11 shows post-test micrographs after the DL-EPR
scans for the as-built LPBF materials. Figures 11(a) through (c)
show micrographs taken at 500x for LPBF materials and it is
seen that melt pool boundaries are highlighted from the elec-
trochemical test. Images taken at higher magnification
(Figures 11[d] through [f]) show that for all as-built LPBF materials,
there is preferential attack along the interiors of the cellular
structures and the melt pool boundaries.

Figure 12 depicts the polarization curves of sensitized
LPBF 316L (a) material 1, (b) material 2, and (c) material 3in 1 M
H,>SO,4 and 0.01 M KSCN as described by the DL-EPR pro-
cedure. In each case, a reactivation current is observed in the
reverse scan. Table 4 shows the characteristic reverse current
densities, forward peak current densities, and the ratio of the
reverse current to the forward current.

Figure 13 shows post-test micrographs accompanying
the DL-EPR scans for the sensitized LPBF materials. Figures 13(a)
through (c) show micrographs taken at 500x for LPBF mate-
rials and the grain structure can be seen. Images taken at higher
magnification (Figures 13[d] through [f]) show that in addition
to intergranular ditching, pore-like attack is seen in the interior of
these grains.
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FIGURE 6. Huey test mass loss profile of sensitized wrought material
and LPBF material 1 and 2.

DISCUSSION

In the spirit of ASTM A262, this discussion is organized by
first discussing galvanostatic etching in ammonium persulfate
due to its historical use as a screening tool, followed by results
from the nitric acid mass loss test. Although not currently an
ASTM standard, the results from the DL-EPR are then dis-
cussed. A discussion of the use of these tests in determining the
susceptibility of conventionally wrought stainless steels to
intergranular corrosion, as well as an assessment of the appli-
cability and shortcomings of these tests are discussed for
LPBF 316L in the as-built and sensitized state. Emphasis is given
toward the anticipated effect of LPBF microstructure on the
observations recorded.

4.1 ] Ammonium Persulfate Etching

ASTM A262 practice A is a qualitative way of determining
the susceptibility to intergranular corrosion of stainless steels
such as 304L (UNS S30403) and 316L. The galvanostatic
etching process takes advantage of selectivity to identify this
susceptibility. In the case of conventionally wrought stainless
steels that do not have any sensitization issues, a classic crys-
tallographic stepping behavior is seen. This appearance
results from the different rates of uniform dissolution of different
crystallographic facets. In the case of steels that have been
sensitized (e.g., Figure 1[b]), ditching is observed along the grain
boundaries. This localized attack is due to presence of a
chromium-depleted region that developed from the formation of
chromium carbides (Cr,3Cg) along grain boundaries.?*2% A
dual structure is also reported in which stepping and ditching are
simultaneously observed. It is to be mentioned that as a
prescreening tool, if a ditch or dual structure are observed by this
qualitative method, it is suggested that other methods that
measure susceptibility to intergranular corrosion such as the
Huey test or the Streicher test be implemented.?®

In the case of as built LPBF 316L, mild crystallographic
stepping is seen within the melt pools. It is also observed that
there is no ditching along the grain boundaries in any of the as-
built materials. This observation would suggest that there is little
to no chromium carbide precipitation that would lead to se-
lective corrosion from the formation of a chromium-depleted
area adjacent to a grain boundary. Nevertheless, different

microstructural features experience selective corrosion that is
not observed in the wrought counterpart.

As confirmed by white light profilometry from previous
work, preferential ditching around melt pool boundaries is ob-
served.' It is interesting to note the difference in the attack
morphology between the three different LPBF materials. In the
case of materials 1 and 2, localized ditching is seen between
two adjacent melt pools, analogous to the ditching seen in
stainless steels prone to intergranular corrosion due to
sensitization. In the case of material 3, there is more uniformity
in attack, although there is a step morphology between two
adjacent melt pools. The greater level of uniformity may be
attributed to the solidification conditions. The higher volu-
metric energy density in material 3 may lead to a microstructure
that is more uniform, leading to the observed etching be-
havior. Other work has discussed the presence of residual
stresses and porosity at the melt-pool boundaries."®33 The
mechanism behind this selective attack is still unclear and this
drives the use of methods such as transmission electron
microscopy to determine if there is a degree of chemical
heterogeneity that dictates this behavior. Preferential attack
along the interior of the honeycomb-like cellular structures are
observed across the three printed materials at a smaller
length scale. Cellular structures, which have been shown to
grow preferentially in the <100> direction, grow normal to the
build direction and an elongated straw-like structure is ob-
served.>®3435 These cellular structures develop due to the
development of protrusions in the solid/liquid interface during
rapid solidification and are favored by conditions of low-
temperature gradients and fast solidification velocities.*® Solute
rejection takes place and leads to the formation of cellular
walls enriched in chromium and molybdenum and is most likely
the reason as to why preferential attack is observed along the
interior of the cellular structures.3*37

In the case of sensitized LPBF material, the galvanostatic
etching provides information that matches its traditional use in
informing an alloy's susceptibility to intergranular corrosion. In
the case of material 1 (Figure 3[a)), it is seen that grain fallout has
occurred. This loss of material may be due to the small size of
the grains that allowed for greater dislodgement of grains.*®
Although fallout is not something conventionally reported
during etching of sensitized materials, it is a phenomenon that
has been observed in the sensitization of stainless steels with
grain sizes in the submicrometer range. The smaller volumetric
energy density and faster scan velocity that were involved in
the synthesis of material 1 led to conditions that allowed for the
generation of smaller grains than those of materials 2 and
31143940 |n contrast, sensitization of materials 2 and 3 had
etching morphologies that exhibited traditional grain boundary
ditching one would associate with chromium carbide precipita-
tion in wrought material. In addition to grain boundary ditching,
attack along the melt pool boundaries is still seen. Work has
shown that a temperature of 675°C is within a range of
temperatures that would not necessarily rid the material of these
melt pool boundaries.>3*

Despite the simplicity in the use of this method in
assessing the susceptibility of wrought stainless steel to inter-
granular corrosion, these results show that the conditions of
rapid solidification from the LPBF process introduce additional
microstructural features that are highlighted through prefer-
ential etching. In addition to grain boundaries, one needs to
consider attack along melt pool boundaries and cellular
structures from the solidification process and the classification
of a material becomes more complex than the discrete
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archetypes "“step,” “dual,” or "ditched.” In the spirit of using ASTM
A262 practice A as a tool for lot acceptance, categorizations of
etching behavior must be generated in the case of as-printed
LPBF materials that appropriately incorporate these different
microstructural features and their correlation to susceptibility to
intergranular corrosion in service.

4.2 [Huey Test

Figure 4 shows the difference in mass loss profile between
wrought stainless steel and sensitized stainless steel. In the case
of solution-annealed stainless steel, there is a linear mass
profile. The corrosion rate is constant and it is assumed that grain-

2021 RESEARCH TOPICAL SYMPOSIUM

(e)
FIGURE 7. (a) Post-test scanning electron micrographs of sensitized wrought material. The images of (b) LPBF material 1 and (c) material 2 are of
the surfaces oriented perpendicular to the build direction. The images of (d) LPBF material 1 and (e) material 2 are oriented parallel to the build

direction. These micrographs correspond to samples that have been tested through the Huey test. White arrows were added to indicate build
direction.

face corrosion is the dominant mechanism form mass loss.?®38

Although intergranular corrosion is seen, the attack does not
occur such that there would be grain dislodgement. In the case
of sensitized wrought stainless steels, preferential corrosion takes
place along the grain boundaries to the degree that grain
dislodgement can occur and a sharp increase in mass loss is seen.
This explains the parabolic behavior in the mass loss profile. A
mechanism has been proposed that suggests the acceleration of
grain fallout is due to the accumulation of oxidizing cations such
as hexavalent chromium in the grooves from intergranular at-
tack.>® This type of mass loss profile may also be observed in
annealed wrought stainless steel with small grains.®®
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FIGURE 8. Polarization curves of as-is and sensitized wrought 316L in 1 M H,S04 and 0.07 M KSCN as provided by the DL-EPR technique.

Arrows were added to indicate the direction of the scan.
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FIGURE 9. Scanning electron micrographs of (a) as-is and (b) sensitized wrought 316L following electrochemical testing by the DL-EPR method.

White arrows were drawn to highlight a grain boundary.
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FIGURE 10. Polarization scans of as-built LPBF 316L (a) material 1, (b) material 2, and (c) material 3in 1 M H>SO,and 0.01 M KSCN as provided by
the DL-EPR technique. Arrows were added to indicate the direction of the scan.

Consistent with micrographs from the ammonium per-
sulfate etching, Figure 5 shows attack along the grain boundaries
in both as-built LPBF materials. This attack, however, was
insufficient to cause grain fallout. With observations of melt-pool

boundary attack in both materials, it is interesting to observe a
linear mass loss profile for both LPBF materials in the as-built
state. In the same way that localized attack along grain
boundaries does not lead to fallout in annealed austenitic
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Table 3. DL-EPR Values of As-Is Wrought and LPBF
Materials in the As-Built State
LPBF LPBF LPBF
Wrought Material 1 | Material 2 | Material 3
Reverse 0 452x1072 |0 0
Peak
Current
(mA/cm?)
Forward 200x10" | 1.53x10" | 1.4x10 2.01x10’
Peak
Current
(mA/cm?)
Ratio 0 33x10™* |0 0

stainless steels, the reasons for this observation may be
because the localized attack along melt pools is not sufficient in
creating conditions such as a groove accumulated with oxi-
dizing ions in the 48 h time frame of each consecutive test.
Despite material 1 having small equiaxed grains, it is inter-
esting to note how the mass loss profile still demonstrated a
constant mass loss. Grain face corrosion dominates in the as-
built LPBF materials and demonstrates constant rate mass loss
profiles in the Huey test as one would observe in the testing of
annealed 316L.

In the case of the sensitized materials, the mass loss
profiles of LPBF materials demonstrate parabolic behavior that is
signature of accelerated attack due to rapid intergranular
corrosion. This is consistent with observations of grain fallout in
the post test micrographs provided by Figure 7. Both LPBF
materials demonstrate grain fallout as a result of intergranular

of Virginia
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corrosion. LPBF material 1 shows greater mass loss than LPBF
material 2 and this may be due to the presence of smaller grains
in material 1. Less intergranular attack is required for grain
dislodgement to occur with materials with smaller grains and the
smaller grains in material 1 may be the reason for this ob-
served trend. These results are also consistent with the fact that
materials undergoing more rapid solidification conditions such
as being printed with a higher speed and lower volumetric energy
density have smaller grains.’®

Another trend to acknowledge from the post-test
micrographs are the grains that do not undergo grain fallout after
the Huey test. Figure 7 shows post-test micrographs taken in
the orientation perpendicular to the build direction and it is seen
that grains that are parallel to the build direction are retained
for both LPBF materials. It is to be noted that in the case of LPBF
materials, grains tend to be elongated along to the build
direction. In the case of grains that penetrate deeper into the
surface, more intergranular attack must take place for the
dislodgement of these grains to occur. Despite the
retainment of these elongated grains, the fallout of smaller and
equiaxed grains still lead to mass loss rates that increase
with time.

The Huey test was originally developed as a tool to
quantitatively measure the susceptibility of wrought stainless
steel to intergranular corrosion.?*?%38 The mass loss data
from LPBF materials showed a linear mass loss rate which would
indicate the dominance of grain-face corrosion. A shortcoming
of this is that mathematically, this does not capture tendencies of
localized corrosion along melt pool boundaries and cellular
interiors. In the context of sensitized LPBF stainless steels, the
mass loss results demonstrate susceptibility to intergranular
corrosion. However, it must be remembered that conventionally
wrought stainless steels typically have an equiaxed grain
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FIGURE 11. Scanning electron micrographs of as-built LPBF 316L materials (a) 1, (b) 2, and (c) 3 following electrochemical testing by the DL-EPR
method at a magnification of 500x. Scanning electron micrographs of LPBF 316L materials (d) 1, (€) 2, and (f) 3 following electrochemical testing
by the DL-EPR method at a magnification of 5,000x. White arrows show areas of localized melt pool boundary attack. Orange arrows point to

areas of cellular attack.
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FIGURE 12. Polarization scans of sensitized LPBF 316L (a) material 1, (b) material 2, and (c) material 3in 1 M H,SO4and 0.07 M KSCN as provided
by the DL-EPR technique. Arrows were added to indicate the direction of the scan.
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Table 4. DL-EPR Values of Wrought and LPBF Materials in the Sensitized State

Wrought LPBF Material 1 LPBF Material 2 LPBF Material 3
Reverse Peak Current (mA/cm?) 6.41x 1072 2.86x 107" 5.52x 1072 1.32x 1078
Forward Peak Current (mA/cm?) 2.00x 10" 1.67 x 10" 3.00x 10’ 1.84x 10’
Ratio 320x1073 1.72x 1072 1.84%x1073 7.20x107°
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FIGURE 13. Scanning electron micrographs of sensitized LPBF 316L materials (a) 1, (b) 2, and (c) 3 following electrochemical testing by the DL-
EPR method at a magnification of 500x. Scanning electron micrographs of LPBF 316L materials (d) 1, (e) 2, and (f) 3 following electrochemical
testing by the DL-EPR method at a magnification of 5,000x. White arrows show areas of localized melt pool boundary attack. Yellow arrows point
to areas of cellular attack. Orange arrows point to areas of intergranular attack.

structure. A mass loss profile without any post-test microscopy
does not capture the resistance of elongated grains to grain
fallout. In the case of LPBF alloys, these experiments show the
value of accompanying mass loss tests via the Huey test with
post-test microscopy.

4.3 | Double-Loop Electrochemical Potentiokinectic
Reactivation

Unlike the Huey test which is run under essentially open-
circuit conditions, the DL-EPR test is a potentiodynamic test.
In the case of the conventionally wrought austenitic stainless

22 JANUARY 2022 « Vol. 78 « Issue 1 CORROSIONJOURNAL.ORG



steels, it is assumed that uniform active corrosion occurs in the
upward scan until a passive range is reached and there is a
decrease in the anodic current due to the formation of a pro-
tective film.31-324 The susceptibility to intergranular corrosion

is measured by the activity that takes place in the reverse scan
from 300 mVsce to the original open-circuit potential. In
wrought stainless steel without sensitization (as seen in Fig-
ure 8[al), active behavior is not detected in the reverse scan
due to an anodic current that is less than the cathodic current. In
the case of sensitized material, an increase in current is
detected in the range of =150 mVsce to —200 mVgce due to
depassivation of areas adjacent to grain boundaries depleted
of chromium. The peak anodic current in the reverse scan from
reactivation leads to a DOS calculation that is greater than
zero. It is also appropriate for one to classify a material with a
nonzero DOS value as one that is susceptible to intergranular
corrosion. This classification is further justified from Figure 9(b) in
which grain boundary attack is seen in the post-test micro-
graphs of the wrought materials that have been sensitized.

In the case of the tested LPBF materials, it is to be noted
that one of these materials (material 1) demonstrates reactivation
in the reverse scan, while two materials (materials 2 and 3) do
not demonstrate reactivation from the DL-EPR polarization scans
(Figure 8). By the conventional application of the DL-EPR scan,
one would think that material 1 is susceptible to intergranular
corrosion, while materials 2 and 3 are not prone to any kind of
intergranular or selective corrosion. These assumptions are then
inconsistent with the post-test microscopy. Despite the scans
for materials 2 and 3 not demonstrating reactivation in the
reverse scan, post-test microscopy shows that preferential
attack still occurs within the interior of the cellular structures and
the melt pool boundaries. It should also be pointed out that
there is no intergranular attack seen in the post-test micro-
graphs. These discrepancies may be reconciled by the fact
that the net anodic current that is representative of reactivation
of cellular interiors and melt pool boundaries is less than the
total cathodic current. As the net current (the difference between
the cathodic and anodic current) is recorded in these tests, the
reverse scan does not represent the observed preferential
attack.

Nevertheless, it is interesting to note how the scan
provided by material 1 demonstrates reactivation in the reverse
scan. Like the post-test micrographs shown by materials 2 and
3, attack can be seen in the in the interior of the cells and the melt
pool boundaries. This morphology may be mechanistically
explained by the character of the cellular structures in material 1.
Studies have found that in parts that have been printed at
higher speeds and low volumetric energy densities, there is
greater depletion of critical elements such as molybdenum
and chromium in the core of these cellular structures due to
faster solidification velocities.>* Material 1 was printed under
parameters of higher velocity and a lower heat input compared to
materials 2 and 3. Material 1 is also expected to have lower
levels of prior layer remelting due to the parameters chosen.*?
These solidification conditions favor a less compositionally
homogenous material and result in a DL-EPR scan that displays
reactivation. It is also to be noted that after performing these
potentiodynamic scans without the reverse component, the
same type of cellular attack is still observed.

The polarization scans shown by Figure 12 show that in
the case of LPBF alloys that are sensitized, the DL-EPR scan is an
appropriate tool to use in measuring susceptibility to inter-
granular corrosion. For the scans that were performed on all
three LPBF materials, reactivation was observed in the return
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scan as one would observe in wrought material that has been
sensitized. The results from the polarization scan are further
validated by the post-test micrographs from Figure 13 due to the
observation of intergranular attack. It is also important to take
note of the localized pore-like attack happening in the grain faces
due to the presence of the cellular structures. This observation

is relevant because it shows how the reactivation observed in the
reverse scan cannot be singularly attributed to grain boundary
depassivation. As the heat treatment at 675°C did not homog-
enize the cellular structures, these contribute partially to the
observed electrochemical behavior. It is also relevant to note that
when comparing the polarization behavior of the as-built
material to the sensitized material, the DOS value in the sensitized
material is higher than that of the as-built material.

Another point of discussion is the relative orders of
magnitude of DOS for the three sensitized LPBF materials due to
the fact that three orders of magnitude are spanned. With
smaller grains, there are more sites for grain boundary depas-
sivation which may lead to a larger net reactivation current.
Material 1 is seen to have smaller and more equiaxed grains than
materials 2 and 3 and this may lead to its largest DOS value. In
addition to smaller grains, the compositional differences induced
by rapid solidification may be maintained and because a
nonzero DOS was calculated in the case of LPBF material 1 in the
as-received state, the cellular structures may also have a
greater contribution to the calculated DOS value in the sensi-
tized state.

Traditionally, the DL-EPR technique has been used to
determine relative susceptibility of wrought austenitic stainless
steels to intergranular corrosion through the DOS value. In the
case of sensitized LPBF stainless steel, these results demon-
strate that this test is likely an appropriate way to determine
susceptibility to intergranular corrosion. The trends seen with
grain size also agree with work that has been performed on
wrought steels.***** Nevertheless, the results provided show how
the lack of a nonzero DOS value may misrepresent the ten-
dency for selective and localized corrosion to take place through
microstructural features from the rapid solidification process.
As with most testing, caution must be taken in the interpretation
of these polarization curves. Alternative solution compositions
or scan strategies must also be considered in order to more
accurately capture the tendency of LPBF alloys to experience
selective corrosion through melt pool boundaries and the
interiors of cellular dendritic structures.

CONCLUSIONS

> Galvanostatic etching by ammonium persulfate revealed
attack along melt pool boundaries and the interior of cellular
structures. It also revealed intergranular attack in sensitized
LPBF 316L.

> |n the Huey test, a constant mass loss rate is observed in
as-built LPBF materials, but attack along melt pool boundaries
was still observed.

> An increasing mass loss rate is seen in sensitized LPBF
materials and greater rates are observed in LBPF material with
small grains.

> |n testing with the DL-EPR, it was found that localized attack

is observed along melt pool boundaries and cellular structure.
> The DL-EPR technique showed signs of susceptibility to
intergranular corrosion in the case of sensitized LPBF materials
and was validated by observations of intergranular attack in
post-test microscopy.

> While the tests demonstrate behaviors of intergranular
corrosion in sensitized LPBF material, caution must be taken in the
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Localized corrosion susceptibility represents a risk to the long-term perfor-
mance of all materials, additively manufactured (AM) alloys included.
Understanding the impact of AM on localized corrosion resistance is at an
early stage, but the unique microstructures that result from AM can have a
dramatic impact on corrosion susceptibility and morphology. These
microstructures also impact the response of AM alloys to standardized testing.
AM 316L is shown to respond very differently to ASTM tests for intergranular
corrosion susceptibility that were developed for and used to assess wrought
austenitic stainless steels. The damage morphology and the impact of heat
treatments are shown to vary significantly between cast A360 aluminum alloy
and AM Al-10Si-Mg upon exposure to ASTM standard G85, a workhorse of
aluminum alloy corrosion testing. AM build parameters can have dramatic
effects on the susceptibility, likely through their impact on the lifetime of the

liquid phase during manufacture.

INTRODUCTION

The explosion in interest in additive manufactur-
ing (AM) is understandable based on the many
advantages this type of production has in terms of
allowable geometries.! Not surprisingly, the focus
of most studies of AM metallic materials has been
on mechanical properties such as strength and
toughness.®*’ The maintenance or, in some cases,
improvement’™® in these properties has been
encouraging for wider applications of components
made in this way. Considerably less attention has
been focused on other performance properties such
as fatigue and corrosion resistance.'® The use of
stainless steel and aluminum alloys in engineering
applications such as aerospace and naval motivate
the investigation of AM corrosion. Nonetheless, the
changes in the material microstructure that occurs
in AM as compared to traditional manufacturing
(e.g., casting, wrought material processing) could be
expected to impact corrosion resistance. AM can
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improve corrosion resistance to the extent that
deleterious second phase particles are evaporated
(e.g., MnS inclusions'®), but could degrade the
corrosion resistance if its rapid solidification either
exacerbates elemental heterogeneities or creates
other deleterious phases.!!

The vast majority of the corrosion studies of AM
materials has focused on pitting resistance as
manifested in potentiodynamic polarization curves
in sodium chloride solutions.'*™'® Other corrosion
testing aimed at other forms of corrosion such as
intergranular corrosion, crevice corrosion, or envi-
ronmentally assisted cracking are far less fre-
quently reported.'’'67® The objective of this paper
was to provide some highlights of recent work in the
area of microstructurally controlled, interfacial cor-
rosion of AM alloys.

There has been a great deal of interest in the
additive manufacturing of AISI 316L (UNS 31603)
due to the widespread use of wrought 316L selected
for its combination of strength, toughness, and
corrosion resistance. The susceptibility of AM
316L to pitting has been somewhat controversial,
although on balance, pitting potentials seem to be
somewhat higher in chloride solutions than their
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wrought counterparts. Little attention has been
paid to other forms of localized corrosion that can
affect 316L such as intergranular corrosion or
crevice corrosion.'® While rapid solidification leads
to the generation of structures such as cellular
dendrites that could lead to compositional hetero-
geneities, it is also interesting to note that the AM
process can lead to porosity.!®'”® For example,
under printing parameters of low volumetric
energy, lack of fusion porosity can be found,
whereas at high volumetric energy keyhole porosity
can form. The topic of grain boundary sensitization
is also significant due to the complex thermal
histories that can be generated from processing
methods such as hot isostatic pressing. The effect of
processing on these structural features are key in
understanding localized corrosion in AM alloys.

The highest-performance of aluminum alloys are
precipitation hardened (e.g., AA2024-T3, AA7075-
T6). These materials are notoriously difficult to weld
while maintaining their mechanical properties and
corrosion resistance. The nature of the AM process
thus presents a major challenge to its application to
aluminum alloys. In addition to the welding issues,
availability, and flowability of aluminum alloy
powders have also presented limitations. Thus,
Al10SiMg has been the focus of the majority of AM
material studies due to the flowability of its powders
and the success of the cast counterpart (A360) in
many applications.

PROCESS-PARAMETER EFFECTS ON LASER
POWDER BED FUSION (LPBF) 316L

As part of a program aimed at a more compre-
hensive evaluation of the corrosion behavior of AM
alloys, we have focused on the impact of processing
parameters and resulting microstructure on the
corrosion of AM 316L at interfaces, including melt
pool boundaries (MPB) and grain boundaries before
and after exposure at 675°C where 316L is suscep-
tible to grain boundary sensitization. Our first
observations of a possible issue with AM 316L in
this regard was the observation of grooves at MPB
after standard etching for sensitization compared
with the step-like attack in wrought 316L as shown
in Fig. 1.

The wrought 316L surface undergoes dissolution
at different rates for the different grains due to their
different crystallographic orientation®® which
results in the step structure revealed by the pro-
filometry (Fig. 1b). In contrast, the etched surface of
the as-printed AM 316L shows more uniform corro-
sion within the very small grains, but accelerated
attack at the MPB (Fig. 1b) with grooves several
microns deep observed. Microstructural features
such as cellular dendrites are a signature of rapid
solidification, and it is interesting to note the effects
of these features from a localized corrosion perspec-
tive. As these features exist at the micron to sub-
micron range, electron microscopy must be used.
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Figure 1c shows a scanning electron micrograph of
LPBF 316L that has been etched under galvanos-
tatic conditions as per ASTM A262 Practice A.%° It is
seen that analogous to how ditching occurs along
grain boundaries in sensitized wrought 316L, pref-
erential etching takes place in the core of these
cellular structures. It should also be noted that
multiple authors have reported that the core of
these cellular structures can be depleted of elements
such as molybdenum and chromium.?"?2 Due to the
complex microstructure of LPBF alloys, micro-
graphs from ASTM A262 Practice A cannot be
simply labeled as “step” or “ditched” and more
complex categorizations must be considered to
properly capture the localized corrosion of AM
stainless austenitic steel alloys.

The Double-Loop Potentiokinetic Reactivation
(DL-EPR) is a potentiodynamic test that is tradi-
tionally used to determine the susceptibility of
stainless steel to grain boundary sensitization.?*~2¢
This test begins by immersing a polished surface in
a solution of sulfuric acid with 2gotassium thio-
cyanate added as a depassivator.”” Upon immer-
sion, the air-formed oxide on the surface dissolves.
Anodic polarization results in an active-passive
transition. After reaching a prescribed potential in
the passive region, the direction of polarization is
reversed. Stainless steel that has been sensitized,
i.e., chromium carbides (Crs3Cg) have precipitated
at the grain boundaries, exhibits a reactivation
current density in the same potential range as the
active-passive transition observed during the posi-
tive-going scan, whereas unsensitized material
shows no such reactivation. The ratio of the peak
current densities in the reverse and forward direc-
tions represents the degree of sensitization (DOS), a
quantitative measure of the severity of the grain
boundary depletion of chromium.

Application of the DL-EPR method to as-printed
AM316L has shown reactivation after passivation
(Fig. 2b), unlike the as-received, unsensitized
wrought 316L as shown in Fig. 2a. Studies of the
microstructure of etched, as-printed AM 316L
showed no Cry3Cg precipitates at the grain bound-
aries. Instead, the reactivation appears to be due to
more global reactivation of the entire surface. The
microstructural connection to this global reactiva-
tion is still under study, but its connection to the
solidification conditions of the AM 316L is clear.
Post-test micrographs of AM 316L (Fig. 2¢) show
that attack preferentially takes place along cellular
structure interiors and melt pool boundaries via
attack of the cellular structure. As other works have
shown that cellular interiors can be depleted of
chromium, these observations are not surprising.
This distinction in comparison to conventionally
wrought material clearly shows that different
microstructural features are responsible for reacti-
vation in the case of AM stainless steel and must be
considered in the analysis of these polarization
curves.
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Fig. 1. (a) Optical micrograph of wrought (top) and LPBF (bottom) 316L after galvanostatic etching in 10 wt.% ammonium persulfate. (b) White
light interferometry maps of wrought (left) and LPBF (right) 316L after galvanostatic etching in 10 wt.% ammonium persulfate. (c) Scanning
electron micrograph of surface of LPBF 316L after galvanostatic etching in 10 wt.% ammonium persulfate. a. and b. were reprinted with
permission from Ref 16.
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Fig. 2. Potentiodynamic scan of (a) wrought and (b) LPBF 316L in 1 M H,SO,4 and 0.01 M KSCN. A black arrow shows anodic reactivation. (c)
Post-test micrograph of LPBF material. A white arrow points to an area of melt pool boundary attack. A green arrow points to an area of cellular
interior attack (Color figure online).
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Fig. 3. (a) Galvanostatic etching of top and bottom surfaces of LPBF build. (b) DL-EPR i/i, values for various positions along an LPBF build.

The reactivity of the microstructures formed that near the top of the 60-mm-tall prismatic build
during AM printing varies throughout the volume and that near the bottom, with a concomitant
of a build. In Fig. 3, the microstructures revealed by difference in the level of reactivation measured by

etching of AM material show distinct differences in DL-EPR (Fig. 3b). Recent work has shown that the



extent of reactivation is not only a function of
position in the build, but its presence is connected to
the LPBF build parameters (power, scanning speed,
hatch, thickness), with those that lead to keeping
the solidifying melt pool in the liquid state longer
acting to reduce the amount of measured reactiva-
tion, most likely due to the lower degree of elemen-
tal segregation, although proof of that speculation is
currently being pursued.

Although the desire of the engineering commu-
nity is to use AM materials in the as-printed
condition, in some cases porosity needs to be
removed, with the most popular way of removing
porosity being hot isostatic pressing (HIP), a process
widely used in powder metallurgy for densification.
For 316L, the standard process for HIP involves
heating to 675°C, holding there for 24 h, then
cooling via a water quench. Limited studies to date
show that standard HIP processing of AM 316L can
create reactivation at the grain boundaries, as
shown in Fig. 4a, akin to sensitization. In this AM
material, reactivation is not observed in the as-
printed condition, but after HIP processing, reacti-
vation is observed that appears to be due to the
formation of precipitates at the grain boundaries.
Although the HIP process can lead to the elimina-
tion of pores that can be consequential from a
pitting corrosion perspective, the DL-EPR and
micrographs do raise concerns in terms of inter-
granular corrosion (Fig. 4a). Powder metallurgy
316L does not suffer this type of sensitization upon
HIP processing, so there must be something inher-
ent in the LBPF process that creates nucleation
sites that grow during the HIP processing. Identi-
fication and characterization of the precipitates in
Fig. 4a is currently underway.

Figure 4b shows that LPBF 316L can also be more
susceptible to sensitization than wrought 316L after
exposure to elevated temperatures, with higher
values of DOS measured for the AM material at
shorter times. Interestingly, other standard tests for
intergranular corrosion that rely on mass loss (e.g.,
ASTM A262 Practice C, the Huey Test) have been
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found to be not appropriate for AM stainless steels
due to the elongated, interlocking nature of the
grains in these materials. That grain geometry
greatly inhibits grain fallout after grain boundary
corrosion has occurred, unlike more equiaxed
wrought stainless steels whose mass loss is quite
sensitive to grain boundary attack. This situation
represents a challenge for the certification of AM
stainless steels for service, as susceptibility to
intergranular attack may not be detected using
standard tests.

It should be noted that, as with the global
reactivation, changes in process parameters can
impact the extent of sensitization. In some cases,
the AM 316L can be substantially more resistant to
sensitization than the wrought material.’® Metal-
lurgical factors such as composition, grain size, and
grain character have been shown to influence
resistance to sensitization in wrought mate-
rial.24?7=3% Those observations provide guidance
on aspects to investigate that influence of the AM
process on sensitization resistance.

Further experiments have also shown that grain
boundary corrosion is not the only mode of localized
corrosion that should be considered in the case of
LPBF 316L that has been exposed to sensitization
conditions. Figure 5a shows the DL-EPR curve and
post-test micrograph for LPBF 316L that has been
exposed to 675°C for 24 h. This exposure is one that
leads to grain boundary sensitization in wrought
316L. Not surprisingly, one finds reactivation in the
reverse scan, indicating a non-zero DOS. However,
the post-test micrograph of the surface (Fig. 5b)
shows that intergranular corrosion is not the only
form of localized corrosion that exists, unlike for
wrought material. Accelerated attack within the
core of cellular structures occurs in addition to
intergranular corrosion. It seems that the cellular
structures are retained after exposure to this tem-
perature/time combination. The reactivation cur-
rent is due to the combination of the attack at the
grain boundaries due to the formation of the
chromium carbides and the global reactivation
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Fig. 4. (a) False-color profilometry and DL-EPR results for AM 316L as-printed and after HIP processing, (b) degree of sensitization via DL-EPR
and micrographs of surfaces after attack for LPBF and wrought 316L as a function of time at 675°C.
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Fig. 5. (a) DL-EPR curve for LPBF 316L that has been exposed to a temperature of 675°C for 24 h (a black arrow emphasizes anodic
reactivation), and (b) the accompanying post-test scanning electron micrograph. A green arrow points to an area of intergranular attack. An
orange arrow points to an area of cellular attack. (c) Post-test scanning electron micrograph for LPBF material that has been solution annealed at
1100°C for 1 h, and (d) LPBF material that has been solution annealed at 1100°C for 1 h followed by an exposure at 675°C for 9 h (Color

figure online).

described for the as-printed material above. Fig-
ure 5c¢ shows the post-test micrograph of LPBF 316L
that has been annealed at 1100°C. Although pores
from the AM process can be seen, attack through
cellular interiors is not seen due to the homoge-
nization provided by the stress anneal. Instead,
crystallographic attack is seen in the case of solu-
tion annealed material. Figure 5d shows that when
solution annealed LPBF material has been exposed
to 675°C for 9 h, classic intergranular attack is
observed due to the sensitization process. In the
case of the sensitized and non-sensitized annealed
LPBF material, reactivation was not observed in the
DL-EPR and the behavior matches that of Fig. 2a.
Deconvolution of the relative contributions is chal-
lenging, if even possible, demonstrating that DOS
from DL-EPR of AM materials needs to be inter-
preted with care whether in the as-printed state or
after exposure to sensitizing conditions.

HEAT-TREATMENT EFFECTS ON AM VS
CAST AL-10SI-MG

Whereas heat treatments are rarely applied to
wrought austenitic stainless steels such as 316L,
they are quite commonly applied to cast aluminum
alloys such as A360. The heat treatments act to
create the combination of mechanical properties and

dimensional stability needed for the intended appli-
cation. Due to its compatibility with the LPBF
process requirements, such as flowability of the
powder, Al-10Si-Mg has been the focus of a great
deal of AM research.’! AM processing has been
shown to increase the yield and ultimate tensile
strengths as well as the hardness relative to cast
A360.%! Corrosion studies of AM Al-10Si-Mg have
come to mixed conclusions regarding its resistance
to full immersion damage, with the observed selec-
tive attack of the primary alpha phase being
attributed to the galvanic action of the Si network
that forms. In practice, most components made from
these alloys are more likely to be exposed to
atmospheric conditions in which a thin film of
electrolyte is present, or cyclic conditions of wetting
and drying. ASTM G85-A2 has been widely used to
assess the resistance of aluminum alloys to such
exposures.

Figure 6. compares the corrosion damage pro-
duced by exposure to a modified G85-A2 test process
for 31 days®' of cast material and AM material
under three heat treatments: as-produced, -T5, and
-T6. Although A360 is not normally used in these
tempers, the goal of this study was to scope the
changes in microstructure and corrosion behavior
that occur upon heat treatment. It is apparent that
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Fig. 6. Representative optical images of damage after exposure to modified ASTM G85-A2 testing for 31 days for cast A360 (a—c) and AM Al-

10Si-Mg (d—f). Reprinted with permission from >'.

the cast microstructure is far coarser, with large
grains of primary alpha aluminum surrounded by a
eutectic structure of nearly pure silicon and alpha
aluminum. The attack follows the outside of large
silicon particles with limited propagation into the
alpha-aluminum grains. In contrast, the AM mate-
rials damage follows the MPB with significant
propagation into the interiors of the melt pool for
the as-printed and -T5 temper materials, with more
extensive attack in the -T6 temper as the MPBs
have disappeared and a coarser microstructure has
developed, more akin to the A360-T6 material. In
the as-printed and -T5 temper, the AM Al10SiMg
shows little second phase in the bulk of the melt
pools at this magnification.

Higher magnification imaging of the as-printed
and -T5 temper shows that there exists a fine-scale
network of Si surrounding solid solution alpha
interiors, as shown in Fig. 7. The attack from the
G85 exposure is of the solid solution phase, with the
Si network remaining, although the fineness of the
Si network makes it susceptible to mechanical
cracking and loss from the surface. Similar imaging
on the AM-T6 material shows a similar attack
morphology: dissolution of the alpha phase and
retention of the Si, although the Si phase is now
primarily fine particles.

Electrochemical testing has shown that the -T6
temper in the cast material increases its corrosion
rate while lowering its corrosion potential, indicat-
ing an acceleration of the anodic kinetics, likely due
to the substantial coarsening of the Si eutectic
leading to larger areas of alpha phase as seen in
Fig. 6¢. In contrast, the -T6 temper for the AM

Fig. 7. High-magnification electron micrograph of propagation front
of corrosion in AM Al-10Si-Mg-T5 after modified G85-A2 testing for
31 days. Note the lighter gray Si network defining the path of the
corrogion of the darker gray alpha phase. Adapted with permission
from =",

material has a decrease in its corrosion rate, but an
increase in corrosion potential, indicating that a
decrease in anodic kinetics dominates. In addition,
although there is little change in either the pitting
potential or repassivation potential of the cast
material upon application of the -T6 temper, there
is a large decrease in the pitting potential for the
AM material upon application of the -T6 temper,
and a large increase in the repassivation poten-
tial.3! Although the underlying microstructural
reasons for these changes remain to be elucidated,
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they starkly show that the corrosion behavior of AM
materials can be dramatically different than their
conventionally manufactured brethren.

It has been proposed that the corrosion behavior
of these aluminum alloys is controlled by the
galvanic couple formed between the alpha matrix
and the Si second phase.???? There is no doubt a
large driving force in such a galvanic couple, with
the open circuit potentials of the Si and actively
corroding aluminum differing by more than 1V in
chloride solutions. Nonetheless, galvanic corrosion
rates are determined by kinetics as well as driving
forces. The polarization curves in Fig. 8. demon-
strate that the nearly pure silicon of the cellular
boundaries does not represent a kinetically strong
cathode. The SiO, film on the silicon surface is a
poor catalyst for either oxygen reduction or hydro-
gen evolution. Thus, although the aluminum is
susceptible to high-rate corrosion upon polarization,
the Si network simply cannot provide sufficient
current. A cellular boundary to cellular interior area
ratio would need to be ~1000:1 to have a significant
effect. From the microstructures shown in Fig. 6, it
is obvious that the alpha phase of the interior of the
cellular structures is actually larger in area than
the surrounding Si. Thus, while attractive as an
explanation, the galvanic argument previously sug-
gested®! cannot provide a reasonable rationaliza-
tion. Instead, we believe®' that the Si network
actually serves to impede the dissolution of the
aluminum. A more likely role for the Si network is
its role as a barrier to corrosion propagation. Being
inert, the more effectively it can segregate areas of
alpha phase, the slower the propagation of the
attack through the microstructure becomes. More
open Si structures such as those that occur in the -
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Fig. 8. Polarization curves for p-type Si, as-received and abraded,
and Al activated by a potentiostatic hold at elevated potential before
scanning in the negative direction in 5.4 M NaCl, pH 1.21 at 49°C, a
solution composition expected for the G85-A2 test solution at 70%
RH. Reprinted with permission from Ref. 30.

T6 temper would likely lead to higher corrosion
rates as the dissolution of the alpha phase, as well
as the transport of the dissolved ions from the
interface, would be less impeded by the Si network.

CONCLUSION

With the increasing implementation of AM metal-
lic materials into engineering structures, the need
increases for a better understanding of the impact of
AM processing and post-AM processing on the
resistance of these alloys to corrosion when exposed
to service atmospheres. Recent work comparing the
response of AM 316L and wrought 316L to standard
tests for intergranular corrosion shows that blind
application of these tests can lead to either overes-
timation or underestimation of the susceptibility.
The complicated nanostructures and microstruc-
tures created by the extremely rapid solidification
that occurs during LPBF is at the root of these
differences. Changes in processing parameters
change the lifetime of the liquid state of the
material as well as its local solidification rate,
leading to changes in the spatial distribution of
critical alloying elements. The results of both elec-
trochemical tests such as DL-EPR and mass loss
tests such as the Huey test for austenitic stainless
steel sensitization require careful interpretation
along with post-test examination of the damage
morphology. Aluminum alloys based on A360 but
manufactured via AM are also susceptible to differ-
ent dependencies of corrosion rate on heat treat-
ment due to differing morphologies of the Si second
phase impacting its ability to shelter the more
susceptible alpha phase from dissolution. Taken
together, these results point to a glaring need for
the development and validation of accelerated cor-
rosion tests that are applicable to both AM metallic
alloys and their conventionally manufactured
counterparts.
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