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ABSTRACT

The intrinsically rough surfaces of laser powder bed fusion (L-PBF) additively
manufactured (AM) metal parts are detrimental to both mechanical and corrosion
properties. Surface finishing is a critical post-processing step to ensuring part reliability
and performance in real world conditions. Conventional surface finishing methods can be
labor- and cost-intensive, often eliminating some of the efficiency benefits of utilizing AM.
Recently, novel methods of bulk processing have been developed which rely on the
application of certain chemistries to smooth part surfaces. However, the effect of these
processes on the corrosion and fatigue performance has been previously unstudied.

This work evaluates the resulting material properties of L-PBF metals having
undergone two different surface finishing processes. After a chemically accelerated vibratory
finishing (CAVF) process, fatigue life is improved for 316L stainless steel and Inconel 625
parts. CAVF increased the near-surface compressive stresses in the 316L parts, impeding
corrosion pit initiation and significantly increasing the breakdown potential. The effect on
the corrosion properties of Inconel 625 was minimal due to the superalloy’s inherently good
corrosion resistance. However, a standard hot isostatic pressing (HIP) treatment resulted
in carbide segregation to the grain boundaries, caused formation of surface microcracks,
and destabilized the passivation layer—ultimately reducing the corrosion resistance.

Evaluation of dislocation density and initial microstructure on a second method, a
self-terminating etching process (STEP), revealed sensitization depth of L-PBF 316L to
decrease with increasing dislocation density. Subsequent material etching was shown to
terminate along grain boundaries at specific carbon concentrations, but varying amounts of
remnant carbides remained on the surfaces after etching was complete. Therefore,
corrosion resistance decreased from the pre-STEP condition, but could be improved

through a post-STEP solution anneal to dissolve carbides back into the matrix. STEP
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improved the fatigue life of the evaluated specimens by up to 3%, with the smaller-grained
specimens having the lowest surface roughness and best fatigue performance. While future
work should focus on reducing remnant carbides post-STEP to improve corrosion
performance, both STEP and CAVF represent promising methods for surface finishing of

AM L-PBF metal components.
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CHAPTER 1
INTRODUCTION

Additive Manufacturing (AM) has revolutionized the way metal components can be
manufactured, allowing for the rapid production of parts without many of the design
constraints of traditional manufacturing processes and the ability to mass produce parts
with minimal interaction time. Laser Powder Bed Fusion (L-PBF) is one type of AM
technology utilizing ne powders that are joined through use of a laser beam to fuse the
particles together. In this process, powder is spread across the build platform with a
recoater blade or roller, and a laser melts the powder into the desired shape. The build
platform is lowered, and the process is repeated. Layer-by-layer, new powder is added and
melted by the laser until the nal part is complete.

It is commonly known in the AM community that AM materials typically have di erent
mechanical properties and corrosion responses from their traditionally manufactured
counterparts. Therefore, AM L-PBF parts are not typically used in the as-printed
condition and require post-processing to modify the as-printed properties. One of the
biggest cost drivers of metal AM components is post-processing [1]. Bulk surface nishing
and elimination of support structures remains a challenge, particularly when part
geometries are complex and di cult to access with manual removal processes.
Fundamental knowledge of the impact of print orientation and post-processing on corrosion
response is key to understanding part performance and longevity|ultimately guiding part
design and processing parameters. The impact of standard post-processing techniques on
corrosion performance needs to be understood before metal AM parts with complex
geometries can be used in real-world applications. This work aims to enable widespread use
of AM L-PBF patrts in real-world and corrosive environments by thorough characterization

of the material and its properties.



AM parts often require support structures to be built along with the part as a means of
supporting certain geometries and overhangs as the part is printed. Typically, support
structures are needed when the build angle exceeds 45 degrees. Support structures may
also act as pathways to mitigate thermal gradients that are generated during the
manufacturing process and to reduce warpage or other print defects. These support
structures need to be removed before a part is ready for use, but support structure removal
is not always trivial, and may even be impossible for parts with certain geometries such as
those with internal channels inaccessible to manual removal tools or other methods.

Surface nish is another consideration inherent to the layer-by-layer build of L-PBF
parts since roughness detrimentally a ects the mechanical and corrosion properties of
nished parts. As-printed L-PBF parts have relatively poor surface conditions due to
multiple factors intrinsic to the AM technique. One of the more obvious surface defects
resulting from the print process is a staircase or stepping e ect where the deposition layers
are visible on the part surface. Another phenomenon called balling occurs when powder
particles, mainly those on the nal or outside layers of a part, are subject to incomplete
fusion and protrude from the surface of a built part. Melt pool splashing during printing
can also create rough surface features.

One major focus of AM research is on post-processing techniques to remove supports
and/or to improve part surface nish. The majority of methods involve mechanical
manipulation through means such as machining or polishing parts to reduce surface defects.
Other methods like surface mechanical attrition treatment (SMAT) improve surface
roughness and re ne the near-surface grain structure to improve mechanical properties.
Further, novel metals AM post-processing techniques exist that greatly simplify surface
smoothing and/or support removal, and are emerging as solutions to solve these biggest
hindrances to the widespread adoption of metals AM [1, 2]. While the majority of the
attention has been on post-processing to match the mechanical properties of AM L-PBF

316L steel to conventional materials; the focus should now switch to the impact of those



post-processing techniques on the corrosion properties of the resulting materials before
they can be considered fully characterized and reliably used as one-to-one replacements.

This work presents two unique chemical-based methods to improve the surface of
and/or remove the support structures from L-PBF 316L stainless steel and Inconel parts.
The resulting surface quality and its e ect on the corrosion and mechanical performance is
then evaluated. While the bulk of this work focuses on 316L stainless steels, Inconel is an
increasingly common material used in multiple industries and was evaluated along with
316L stainless steel after the rst method, a chemically accelerated vibratory nishing
(CAVF) process developed by REM Surface Engineering, which is depicted in Figure 1.1.
In this process, a patented processing compound is added along with the part to be
processed and non-abrasive media to a tumbler-type apparatus. The processing compound
forms a chemical conversion coating on the part surface which is then mechanically
removed by the tumbling media. The procedure is repeated until the desired surface nish
is reached. According to a patent led by REM Chemicals Inc., the processing compound
varies based on type of metal substrate, but typically comprises of phosphoric acids or
phosphate salts, chromic acid or chromates, sufamic acids or sulfamate salts, and oxalic
acid or oxalate salts, along with accelerators or activators such as zinc, copper, manganese,
and inorganic or organic oxidizers [3].

In the second post-processing method, the self-terminating etching process (STEP)
depicted in Figure 1.2, both surface smoothing and support removal are achieved by
selectively sensitizing and chemically etching away the top 150-20fh of a part's surface
which could include support structures if they are designed with dimensions.

This work aided in optimizing surface roughness, sensitized depth, and amount of
material removed during the STEP by evaluating the e ect of pre-STEP microstructures
on those properties. As part carburization/sensitization is typically a deleterious and
undesirable outcome, this work assesses, for the rst time for L-PBF 316L stainless steels,

the role of dislocation density and microstructural microstrain on carbon di usion during



Figure 1.1 The CAVF process beginning with a starting surface (a). b) A processing
compound reacts with the steel to form a chemical conversion coating (black) that is softer
than the base metal (gray). c) Non-abrasive tumbling media removes the conversion
coating. d) The conversion coating reforms on the newly exposed steel. e) The process
repeats until the desired surface nish is achieved.

sensitization. Further, the resulting fatigue response of STEP parts is studied to determine
how remnant carbides impact the mechanical properties. Along with an assessment of the
corrosion response, this work validates the use of L-PBF 316L stainless steel parts having
undergone the STEP for real-world applications.

Chapter 2 provides the necessary background information for understanding the
corrosion responses of metallic alloys along with the electrochemical techniques utilized to
measure them. Additionally, factors in uencing the corrosion response of austenitic metals
are brie y discussed. Chapter 3 evaluates the build orientation dependence on corrosion of
L-PBF 316L stainless steel parts. Chapter 4 describes the results of CAVF on the
microstructure and corrosion response of L-PBF 316L stainless steel. Chapter 5 expands
the evaluation of the e ects of CAVF to also include Inconel 625 and the additional impact
of hot isostatic pressing (HIP). Chapter 6 introduces the STEP and assesses how pre-STEP

heat treatments alter the resulting part microstructures, the STEP and, ultimately, surface



Figure 1.2 The STEP begins with a printed part dipped in a sensitizing agent. The part is
heat treated to complete the sensitization by di usion of carbon through the surface. The
sensitized part is then etched in acid under a bias until the sensitized region, including the

support structures, is fully removed.



nish. Chapter 7 expands upon the evaluation of the STEP by further assessing the
resulting fatigue and corrosion properties of parts post-STEP. Chapter 8 provides an

overall summary of the work and includes some recommendations for future e orts.



CHAPTER 2
CORROSION AND FACTORS AFFECTING IT

Corrosion is a natural process resulting from a metal's chemical reaction with its
environment which, if left unmitigated, can instigate material deterioration or damage.
While there are many di erent types of corrosion, all chemical reactions involved in
corrosion require the following components: anode, cathode, electrolyte, and a return
current path. An anode is the component of the system which initially carries a negative

charge while the cathode carries a positive charge. G&C ! 2CO
2.1 Corrosion of Iron

Re ned iron, i.e., Fe, is unstable, and upon exposure to oxygen and moisture (the

electrolyte) favors oxidizing to its more stable atomic form, F& through the reaction:
Fe(s)! Fe? (ag)+2e (2.1)
The cathodic oxygen then reduces through:
O,(g)+4H" (ag) +4e ! 2H,0 () (2.2)
With the overall reaction being:
2Fe (aq) + 2H,0 () (2.3)

The iron substrate itself acts as the return current path. Upon further reaction of F&

with oxygen, iron(lIl) oxide, Fe,O3, or rust, forms through:

4Fe" (ag) + 0, (g) + (4 +2 x)H,0 () ! 2Fe,0; xH,O(s)+8H" (aq) (2.4)

Certain alloying elements such as silicon, molybdenum, and chromium hinder the
electrochemical reaction in steels through slowing oxidation, blocking the electrolyte by

forming a protective layer on the surface, or through other mechanisms.



2.2 Passivation

Austenitic stainless steels are one of the most commonly used building materials and
316L stainless steel is renowned for its corrosion resistance due to the relatively high
chromium and molybdenum content. The typical composition (in wt. %) of 316L stainless
steel is as follows: max 0.03% C, 2.0% Mn, 0.75% Si, 0.045% P, 0.03% S, 16.0-18.0% Cr,
2.00-3.00% Mo, 10.0-14.0% Ni, 0.10% N, balance Fe [4]. Chromium readily forms an oxide
called chromia (CrO3) due to its high a nity to bond with oxygen. A protective
layer/passive Im of the oxide forms on the steel surface when the chromium concentration
exceeds 10.5 wt.%; this layer is what gives stainless steel its corrosion resistant properties.
As an austenitic nickel-based superalloy, Inconel 625 also has excellent corrosion resistance
because nickel is inherently highly resistant to corrosive alkalides. Inconel 625 also bene ts
from high chromium content and the propensity to form protective CsOs Ims, further
improving the corrosion properties of the superalloy. While the GO3; passive layer may
renew itself when damaged, it is readily overwhelmed and degraded in certain
environments|particularly those containing a su cient concentration of small chloride
ions (Cl ) which penetrate the Im to the base metal. Sustained in ltration of Cl to the

base metal oxidizes the iron and the loss of electrons results in surface pitting.
2.3 Sensitization

Sensitization is another mechanism that can impact a steel's integrity. In 316L stainless
steel, the \L" designates the low carbon content of the alloy. Carbon content is bene cial
to mechanical properties such as hardness and tensile strength in many steels, however,
high carbon content in stainless steels increases the propensity for sensitization and
corrosion. Stainless steel sensitization occurs at temperatures between 5509€5When
the di usion rate of carbon increases and carbon di uses from the bulk to the grain
boundaries. Subsequently, carbon forms chromium carbides with slower-di using free

chromium, thus capturing the free chromium, preventing it from forming CsO3, and



depleting it from the region around the grain boundaries. This depletion greatly increases
the susceptibility to intergranular corrosion, particularly when free chromium concentration
is reduced below 12 wt.%. Sensitization time and temperature depends on the carbon
concentration. Steels with lower concentrations of carbon require much longer times (i.e.,
on the order of 10-100 hours) to sensitize than steels with higher carbon content. At the
higher end of the sensitization temperature range and with carbon concentration exceeding

approximately 0.050 wt.%, sensitization can occur in less than 10 minutes.
2.4 Electrochemical Reactions and their Measurement

All electrochemical reactions involve the passage of current which can be measured
during potential changes to evaluate a non-equilibrium system's behavior. To do so, a
three-electrode cell must be constructed, including a reference electrode having a known
and xed potential. The other two electrodes in the set-up are the counter electrode and
the specimen of interest which acts as the working electrode. The potential of the working
electrode is measured with respect to the reference electrode as current ows below the
working and counter electrodes. This type of measurement represents one of the most basic
electrochemical techniques, open circuit potential (OCP), and provides the specimen's
innate corrosion potential when exposed to a certain electrolyte [5]. OCP can be used to
compare potentials of multiple specimens|enabling the generation of a \galvanic series,"
an ordering of materials signifying their general corrosion resistance in a given
electrolyte|so long as the specimen is the only independent variable [6{8]. More positive
OCP values indicate greater relative corrosion resistance. This technique also provides
insight into the stability of a single specimen’s electrochemical system. OCP can de ne the
amount of time a system takes to achieve stability [6]; and a stable potential measured via
OCP provides a starting point for performing perturbation-based techniques such as
potentiodynamic polarization [2, 9, 10].

Potentiodynamic polarization describes a suite of techniques that involve recording

current as a function of time or potential as the working electrode's potential is varied [5],



can be used to determine if a specimen's mode of corrosion is active or passive [11], and
can be manipulated to deduce the corrosion potentiak ., [congruent to the OCP|and

icorr» the current density on the specimen's surface used to deduce the general corrosion
rate of metals [12]. Also referred to in literature as cyclic potentiodynamic polarization
(CPP) [13], CPP plots are a powerful tool in assessing the corrosion behavior of metals. In
addition to indicating the potential at which a passivation layer forms E.ss) [14] and
breaks down Eq), CPP curves provide insight into passivation layer density through the
passive current densityjass [15]. A smallerip,ss indicates a denser passive layer while a
less dense, less protective passive layer may allow more current to pass through thus
resulting in a largeripass. For pitting potential of steels in chloride-containing

environments, betweerkq (the pitting or breakdown potential obtained during the forward
scan) andE,.ss (the repassivation potential obtained on the reverse scanass is the

most conservative, thus more suitable for use when making engineering decisions involving
long-term pitting performance predictions [16]. Other quantitative information that can be
extracted from CPP curves are the passive |Im stability Epass  Ecorr) [7, 17] and pitting
resistance E,g  Ecorr) [16], both indicators of corrosion resistance, with larger magnitudes
indicative of greater stability and resistance, respectively. Further, current density spikes
noted in the passive regions of potentiodynamic polarization curves for L-PBF 316L steel
indicate pitting activity in specimens with rougher surfaces [18], and hysteresis loop
directions and size indicate speed and extent of pit formation and propagation. Figure 2.1
shows the resulting CPP curves for as-received and polished (POL) cold rolled specimens

along with a guide for interpreting the curves and resulting corrosion parameters.

2.5 Factors In uencing Corrosion Response

A metal's electrochemical response is dependent on more than one property and can
di er when parameters such as chemical composition, surface roughness, and
microstructure are varied. As mentioned previously, certain alloying elements are added to

steel to improve the corrosion resistance, while other elements render them more
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Figure 2.1 CPP curves for cold rolled and polished cold rolled 316L specimens. An
interpretation guide is included showing the important values generated from CPP curves.
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susceptible to deleterious e ects like sensitization. For a speci c alloy, such as 316L
stainless steel, minor di erences in composition can change mechanical or electrochemical
properties. For example, nitrogen is an austenite stabilizer, improves stainless steel yield
strength, and as little as a 0.2-0.3 mass % increase promotes and facilitates the formation
of quality Cr,O3 Ims by inhibiting Cr clustering [19]. Other elements such as manganese
may improve stainless steel's electrochemical properties by promoting dissolution of
carbides [20]. However, manganese, which is added to steel to improve hot working
properties and increase strength, toughness, and hardenability, also forms small oxides in
stainless steels, thus reducing oxygen's availability to form protective chromia [21].

Presently, it is very challenging to tune the composition of L-PBF 316L stainless steel
powders to achieve speci c concentrations of speci ¢ alloying elements. Additionally, the
printing process itself can increase the concentration of certain elements like nitrogen (i.e.,
if nitrogen gas is used during printing) and/or decrease certain elements through
vaporization [22]. A mere 0.02 wt.% or less increase or decrease is enough to vary part
hardness and microstructure. The e ect of speci ¢ alloying element concentration on the
electrochemical response of L-PBF 316L stainless steels represents a vast opportunity for
future work. As such, de ning the contribution of each alloying element's concentration on
the electrochemical response of evaluated materials is out of the scope of this work. Every
reasonable e ort was made to ensure that the materials utilized in each set of experiments
were from the same batch of powder and/or built using the same parameters.

Another main in uence on the corrosion behavior of L-PBF 316L steels is surface
roughness which is known to have detrimental e ects on not only the corrosion response,
but mechanical properties as well. Rougher surfaces hinder the formation of a dense and
e ective passive Im by both complicating the geometry needing protection and by
promoting highly localized electrochemical gradients. Much like the mechanism observed in
pit propagation, the valleys and crevices present on rough surfaces act as corrosion

concentration cells, resulting in inferior corrosion resistances [16]. As the passive layer is
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weakened or otherwise compromised on the surface, the underlying metal is oxidized by the
electrolyte and causes the region within a valley or existing pit to become more positively
charged than the surrounding environment. This gradient drives negatively charged
species, i.e., Cl, into the valley region, resulting in the consumption of the free electrons
and systematically diminishing the oxide Im.

Surface roughness measurements can be performed with a contact pro lometer or
through optical imaging and analysis. Contact pro lometry measures the primary pro le,
Pa, and roughness pro le, Ra. Pa is the primary pro le that does not include any lItering
e ects, whereas Ra is the roughness pro le representing the arithmetical mean deviation of
the evaluated pro le as described by Equation (2.5) and is derived from Pa by Itering out
surface waviness and longer wavelengths [23{25]. Figure 2.2 shows example Pa and Ra

curves [26].
Z

Ir

jz(x)j dx (2.5)
0

1
Ra= —
Iy

I, is the sampling length andz(x) is the pro le ordinates of the roughness pro le.

Figure 2.2 Example Pa (top) and Ra (bottom) curves. Ra is derived from Pa through
Itering out surface waviness and longer wavelengths.

Areal roughness parameters can be obtained through optical pro lometry, are
congruent to the parameters obtained by contact methods, and are designated with an \S."

For example, Sa is the similar parameter to Ra. For fatigue studies, the parameters Sa and
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Sv are most commonly used. Sv is the maximum valley depth and has been shown to be a
good predictor of fatigue performance in some studies, with fatigue performance increasing
with decreasing Sv [27].

Fatigue life is also impacted by surface roughness since surface irregularities like valleys
can act as crack initiation sites [27]. Surface roughness is particularly detrimental in
fatigue studies with low applied loads, approximately 275 MPa and below [28]. Otherwise,
internal defects such as porosity dominate fatigue failure initiation at higher applied loads.

One major in uence on corrosion response is microstructure. Di erent microstructural
phases are known to have di erent corrosion responses. For example, formation of sigma
phase decreases the corrosion resistance of steel and causes embrittlement [29]. Other
microstructural features commonly noted in 316L steel include annealing twins and carbide
precipitates of the type (Cr, Fe, Mo)3Cs. Even dispersion of carbides will improve the
corrosion resistance of a carbide-rich microstructure as opposed to highly segregated
regions of carbides [30]. Under certain annealing conditions like those discussed previously,
chromium carbides can form which lowers the chromium concentration in the matrix,
rendering the development of a GIO3; passivation Im unfavorable and negatively impact
the steel's corrosion resistance. This carbide precipitation often occurs along grain
boundaries making the material highly susceptible to intergranular corrosion. As
considered in further detail in Chapter 3, e ects of grain size and grain crystallographic
orientation are also important factors to consider when assessing the corrosion properties of

L-PBF 316L stainless steels.
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CHAPTER 3
CORROSION BEHAVIOR OF AS-PRINTED L-PBF 316L STAINLESS STEEL

The microstructures of AM specimens vary signi cantly based on the speci ¢ process
used to build the part. This work will focus on specimens built via L-PBF, which is de ned
by ASTM F2792 as \an additive manufacturing process in which thermal energy selectively
fuses regions of a powder bed" [31]. Unlike the equiaxed grain structure noted in
conventional (as-cast) 316L stainless steel, the microstructure of L-PBF 316L stainless steel
exhibits a network of heterogeneous melt pools [32]. The melt pools do not completely
dissolve until specimens are annealed at temperatures above approximately 1100

[33{35].
3.1 Surface Roughness

The e ect of surface roughness on the corrosion properties of L-PBF 316L stainless
steel has been well studied. Surface roughness has been shown to have varying e ects on
the corrosion response of stainless steels. Melia et al. found that for as-printed L-PBF
316L, surface roughness was the major contributor to corrosion mechanisms, with rougher
surfaces eliciting a higher incidence of corrosion concentration cells, thus inferior corrosion
properties [18]. The same work also suggested that build orientations resulting in rougher
surfaces are more prone to corrosive attack for the same reason. In a 0.5 M NaCl solution,
conventional stainless steels in the as-received condition (Ra roughness of Qui¥ and
steels ground to various Ra roughnesses between O and 0.03um had similar
corrosion potentials while a polished specimen’s (0.@2n) corrosion potential was more
negative [6]. Analysis found polishing to be detrimental to the chromium enrichment and
passive Im observed for the as-received and ground conditions. Another study found that
the corrosion resistance of stainless steel alloys signi cantly decreases when Ra increases

above 0.5um [36].
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To validate previous results, an EOS M290 Direct Metal Laser Sintering (DMLS)
system was used to print 316L stainless steel disks 15 mm diameter and 4 mm thick at O

45, 60, and 90 build orientations relative to build platform as shown in Figure 3.1.

Figure 3.1 Specimen disks were printed at various orientations to the build platform. The
45, 60, and 90 disks were printed with support structures not depicted in the gure.

The printing parameters were as follows: 214.2 W laser power, 928.1 mm/s scan speed,
and 40um layer thickness. Surface roughness was characterized using a Bruker, DektakXT
contact pro lometer equipped with a 2um stylus at 3 mg load. Six 300 second scans 5,600
pm long were taken per specimen | three scans 3 mm apart, parallel to the print raster
direction and three scans 3 mm apart, perpendicular to the print raster direction.

Resulting data was lItered with a Gaussian regression [37]; short {) and long ( ¢) cuto s
were applied at 2.5um and 0.8 mm, respectively. A Princeton Applied Research

PARSTAT MC 1000 chassis equipped with eight PMC 1000 potentiostat cords performed
all electrochemical experiments. The electrolyte for all experiments was 0.6 M sodium
chloride (NaCl, 3.5 wt.%, Fischer). A 4.0 M potassium chloride solution (KCI) salt bridge
ionically connected a 4.0 M silver/silver chloride (Ag/AgCl) reference electrode to the
electrolyte. The counter electrode was a 6.35 mm graphite rod. Measured potentials were

o set by +0.197 V for reporting relative to a standard hydrogen electrode (SHE). Open
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Circuit Potential (OCP) was measured for 48 hours for as-built and polished specimens.
Immediately following OCP, Cyclic Potentiodynamic Polarization (CPP) was performed
from an initial potential of -1.0 V (vs. OCP) to a vertex potential of 1.5 V (vs. OCP) and
a scan rate of 10 mV/s.

Figure 3.2 gives the resulting Ra surface roughness for the evaluated disks. Surface
roughnesses increase with build orientation from @o 60 and then decreases with the 90
disk. As build orientation increases, surface roughness is expected to also increase since the
stepping e ect becomes more pronounced and the smoothing e ect of laser remelting of

previously deposited layers is reduced.

Figure 3.2 Surface roughness results of the as-built disks printed at @5, 60, and 90.
Surface roughness increases with build orientation up to 6@nd then decreases.

Figure 3.3 shows the a) OCP results and b) CPP curves depicting the corrosion
response of the disks. Both electrochemical technique results show that the corrosion

potential of the 0 disk is the most positive|thus having better corrosion
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resistance|followed by the 45 disk and the 90 disk. The 60 disk has the most negative
corrosion potential of all disks evaluated. A smaller,,ss indicates a denser passive layer, as
in the as-printed (AP) 0 specimen, which has a correspondingly more posititg,,,. The
trend is extended for the rest of the AP specimens with the largestass corresponding to
the 60 specimen which has the most negativE..,. Thus, passive Im density has the
largest in uence onE.,, for as-printed specimens, with rougher surfaces reducing the

Im's ability to form into a dense and compact layer and therefore detrimentally impacting

the corrosion response.

Figure 3.3 a) OCP curves and b) CPP curves showing a decrease in corrosion potential
with increasing surface roughness,,ss increases with surface roughness, indicating a
disruption to the passivation layer.

The results of this study clearly show how the corrosion potential improves (becomes
more positive) with decreasing surface roughness. This validates the previous ndings of
the dependence of corrosion response on surface roughness of as-built specimens. Further,
this study demonstrates that build orientation of as-printed parts can in uence corrosion
properties, exemplifying how, if corrosion reliability is a concern, parts should be designed

and printed to minimize the incidence of certain build orientations.
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3.2 Microstructure E ects

How might the corrosion response of as-printed parts di er if the e ect of surface
roughness is negated through surface polishing? To understand the underlying corrosion
behavior of as-built L-PBF 316L stainless steel, we must rst understand the as-printed
microstructure. To do so, disks printed at the various build orientations were sequentially
ground with 180, 320, 400, 600, and 800 grit silicon carbide paper and polished withr,

3 um, and 1 pum diamond suspensions to a mirror nish such that the Ra roughness is
considered negligible for corrosion studies. Then, the disk surfaces were stain etched in
glyceregia to reveal the general microstructure.

Figure 3.4 shows the near-surface micrographs for each build orientation. The 0
micrograph shows nger-like, epitaxial melt pools, which gradually shorten with increasing
build orientation. The resulting microstructures can be visualized as cross sections of the
same cube consisting of printed lines parallel to the build platform. The parallel strands
shown in the O micrograph represents a horizontal slice across the parallel print lines. The
truncated protrusions of the 45 and 60 micrographs are what would be seen if the parallel
lines were cross-sectioned at those angles. Finally, the 9f8icrograph represents a vertical
slice through parallel lines, revealing only the scallop-like ends.

Intra-melt pool cellular and dendritic/lamellar sub-grains less than one micron in size
are visible in the micrographs to varying degrees depending on build orientation.

Figure 3.5 shows micrographs of the Gand 90 specimens showing the varying amounts of
sub-grains on the evaluated surfaces. Formed due to directional solidi cation at high
cooling rates, these columnar grains grow in clusters with orientations that follow the
thermal gradient of the print process, therefore, certain build orientations are more likely
to show more of these grains on their surfaces than other orientations. Theface has
fewer visible sub-grains clustered mainly around the melt pool boundaries than the 9@ce
which additionally has sub-grains within and across melt pools; these columnar grains

preferentially grow parallel to< 001> and therefore appear as dense cellular structures in
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