ABSTRACT

VENKATA BHUVANESWARI VUKKUM, Studyon Improvingthe Corrosion Performanaé
Additively Manufactured 316l Stainless Stédhder the supervision of Dr. Rajeev Gupta)

Additive manufacturing (AM), an emerging technologyovides enormous benefits over
conventional manufacturing processhge tothe process simplicity and able point complex
microstructures with design freedoiro exterd the engineeringpplicationsof AM components
superior and consistent mechanical and corrosion properties are esSantgiltresearch focuses
on Lasetpowder bed fusion (LPBF), a poputaetalAM techniquethat prints316L stainless steel
alloy. Although extensive reseanslasconducted on undeestding and improving the mechanical
properties of LPBF printed 316L, the corrosion behavior isfalby understoodand is often
reportedasinconsistent in the literaturdhe 316L alloy haa widerange of applicationgrom
kitchen knvesto nuclear ard the recent advances in the AM process are complementing and
multiplying its engineering applicationsTherefore studying and enhancing the corrosion
resistance of LPBF printed 316L alloyrisededThe currenresearch presents a strategyled
feedsta@k modification to improve theitting and intergranulacorrosion performance of LPBF
printed 316L. Modified feedstock powders were produced usatignilling of commercial 316L
powder andone wt.% of suitable additiveAfter a thoroughliteraturereview and preliminary
testing, a few suitable additives were chosenfeedstock modificationLater, the modified
feedstockwas laser powder bed fusion pred The influence ofadditives on he pitting and
intergranularcorrosion performance of LPBFL6L is investigated and correlated wahered
passive film characteristicsiicrostructureandchemical compositiarSeveral factorgfluencing
the corrosion resistance of LPEBEG6L were discusse@nd a few conclusionsand hypotheses

were drawn based on tk&perimental evidence amehderstandingf this research.
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CHAPTER 1: INTRODUCTION

Additive manufacturindAM), also termed 3D printings a trending technologthat can print
complex shapes gfolymers, metalsand ceramicé a simple and economical way compared to
traditional manufacturing methods like casting and forgiRgA computeraided desigr{CAD)

file is provided to the additivenanufacturingunit, with a predetermined set of commands
correspondingto the complicated shape or pattetthat AM unit prints ®. The additive
manufacturing technologies can be classifieded on the type of base material usedhe
methodology of product constction 1% as presented ifigure 1. AM technologies can be
classified bysolid, powder and liquidbased systemsand he major additive manufacturing
processes are material extrusion, ste@ination, powder bed fusiai®BF), powdeifed fusion
(PBF) or directed energy depositioDED), binder jetting, vat photopolymerization and material

jetting, Figure 1.

Additive Manufacturing Classification

Type of base material used Methodology of product construction Additive Manufacturing Technologies

I
| Fused Deposition Modelling (FDM) / Fused Filament Fabrication (FFF)
: Material extrusion < Wire Plus Arc Additive Manufacturing (WAAM)
1 Electron Beam freeform

— L iami Object ing (LOM)
Sheet Lamination —<: Ul ic additive M ing (UAM)
1

| Selective Laser Sintering (SLS)

Powder Bed Fusion (PBF) Selective Heat Sintering (SHS)
Direct Metal Laser Sintering (DMLS)

| Electron Beam Melting(EBM)
Powder Fed Fusion (PFF) 1

Laser Engineered Net Shaping (LENS)
or
Directed Energy Deposition (DED) % Directed Light Fabrication (DLF)
I

I
I
I
! Selective Laser Melting (SLM) or Laser powder bed fusion (LPBF)
I
I
I

Direct Metal Deposition (DMD)

3D Laser Cladding

|

|

: Binder Jetting —Ir» Binder Jetting
1 | Direct light processing (DLP)
1 % Stereolithography (SLA)

| : — Vat photopolymerization Nano Particle Jetting (NPJ)

: |y Inkjet Printing (IP)
\ Material jetting é Drop On Demand (DOD)

Material Jetting (MJ)

Figure 1. Classification chart of additive manufacturing technologies



Laser powder bed fusion (LPBF) aspopulametal additive manufacturing process that
prints thecomponentsayerby-layer*®1113 The LPBF process includes printing parameters like
building atmosphere, laser power, laser scanning velocity, scanning strategy, hatch spacing, layer
thickness, point distance, exposure time, and building orientation/direction [2,14,15]. Firstly, a
fresh hyer of powder is spread on the powder bed platform using a roller according to the desired
powder layer thicknesslhe laser melts and fuses the spread powder bed layer following the
provided printing parameters like laser energy and scanning vel@oite the laser melting is
complete, the build platform is loweremhda fresh layer of powders is spre&allowed by laser

melting This process is repeated until t@ire component is built

Laser powder bed fusion printed 316L stainless steel (LPIBE) alloys hae been
extensively studied in the literatuté*?’. The mechanical properties of LPBHE6L have often
beenreportedto improvecompared to conventionally manufaed 316L1%1°2734 However, the
corrosion property diPBF316L was not fully explore@nd often reportethconsistent corrosion
resistance!?3%38  The inconsistent corrosion properpuld be attributed to microstructural
heterogaeitiesandmanufacturing defectsombinedwith variousLPBF printing parameters3°
CHAPTER 2: LITERATURE REVIEW presents detailed discussion dineeffect of processing
parameters, manufaring defects, feedstocland microstructure othe corrosion resistance of
LPBF316L.

In this research, feedstock modification strategy has been implemented to enhance the
corrosion resistance of LPBFL6L. Modifying the 316L powders by introducing an extérna
element or compound that can improve the corrosion resistance of3FRHs termed feedstock
modification. These modified feedstock powders t@nproduced by (1) mechanical alloyiiige
ball-milling of suitable additiveand 316L powder&4945 (2) uniform deposition via coating or
cold spray of suitable additive on the surface of the 316L pow&éts(3) gas atomization of
316L along with the suitable additi¥& In the current research,slow baltmilling method was
chosen where 316L powders with suitable addsteme slovly ball-milled to avoid the powder

shape deformatioand maintain the feedstock flowability for LPBF.

The following hypotheses were propogedenhance the corrosion resistance of LPBF

316L via feedstock modification. They are



(1) Controllingor alteringthe microstructural inhomogenieis likechemical composition,
solute segregation in the cellular structamedoxide inclusion size and dsity. It is often reported
the microstructural heterogeneities are one important factorth®rnconsistent corrosion
resistance of LPBB16L. Therefore, the incorporation of external additives that can control or

alter the detrimental microstructural feges can improve theorrosion resistance of LPBFL6L.

(2) Incorporating corrosion inhibitors into stainless steel maBfien corrosion inhibitors
are introduced into the testing environmembdwever, few researchef€* showed merit in
enhancing the corrosion resistance of metallic systems when inaiegioto the metal directly.
The rapid solidification ratef additive manufacturing can facilitate the inhibitors to
accommodate the microstructwaiformly, unlike conventional manufacturing techniques like
casting and forging. Therefore, incorporgtasuitable inhibitointo the stainlessteel matrix can

improve the corrosion resistance of LRBEGL.

(3) Incorporatiorof high nitrogen into alloy matrix-or decadesintroducing nitrogen into
the ironbased alloy system Banprovedcorrosion resignceby (a) reducing thdocal pH inside
the pit > and (b) favoring the passive film stability°>°> However,it is challenging to
incorpoiate highnitrogencontent into the alloy usingonventional manufacturing techniu
Advanced manufacturing techniques like additive manufactwitigsupeffast cooling ratesan
easily accommodate high nitrogen into theallbherefore, it is worth abosinganadditivewith
high nitrogen content for feedstock modification andnsequently, enhancing the corrosion

resistance of LPBB16L can be expected

The aim is totake advantageof additive manufacturing to produce corrosion resistance

316L where th@bovementioned hypothesisasapplied.

Research goals or specific aims of this project:

1. Identifying the critical influential factors responsible for inconsistent pitting corrosion
resistance properties of laser powder bed fusion printed 316L stainless steel31L&1BF
a. LPBF printing parameters
b. Manufacturing defects

c. Feedstock quality dependency
3



d. Heterogeneous microstructural

2. Exploring different additives and their possibilityinfproving the corrosion resistance of
LPBF316L.

3. Studying different methodologies to incorporate external alloying additives into the 316L
stainless steel feedstock via the mallling process.

4. Investigating the influence of various LPBF printing pararseion microstructure and
corrosion resistance of feedstock modified and LPBF printed 316L.

5. Enhancing the corrosion resistance of LPRBIGL via feedstock modification strategy. A
detailed investigation where passive film characteristics, chemical coropasiti
differences, and macro, micro, and nanoscale structure alterations are correlated with the
pitting corrosion resistance.

6. Exploring different ASTM standards to reveal the intergranular corrosion resistance of
LPBF316L and investigating the responsifdetors for intergranular corrosion in LPBF
316L

7. Improving the intergranular corrosion resistance of feedstock modified and LPBF printed

316L and correlating it with the microstructural modifications.

The flowchart presentead Figure 2 shows the plan of work followed during this research
projects. The experiments and proceduresrrespondingthis research are explained in
CHAPTER 3: EXPERIMENTAL PROCEDURE In this researcha feedstockmodification
strategyhas been implementegihere suitableorrosioninhibiting elements or compounds are
incorporated into316L to enhance the corrosion resistance of LRBRBEL. CHAPTER 4:
SELECTION OF ADDITIVESpresents the hypothesiad selection of additiveandCHAPTER
5: FEEDSTOCK PREPARATIONliscusses the feedstock preparation and methodology followed

to incorporate the selected additives into feedstockheball-milling process.
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Figure 2. Flow Chart presenting the plan of work followittgoughouthis research project

The influence of various factors like 316L feedstock quality and processing parameters on

the pittingcorrosion resistance of LPBFL6L is discusseth CHAPTER 6: INFLUENCE OF
FEEDSTOCK QUALITY AND PROCESSING PARAMETERS ORITTING CORROSION
RESISTANCE OF LASER POWDER BED FUSION PRINTED 316L STAINLESS STREU

CHAPTER 7: CORROSION PERFORMANCE OF FEEDSTOCK MODIFIED AND LASER

POWDER BEDFUSION PRINTED STAINLESS STEELAdditionally, the impact of chosen
additives inCHAPTER 4: SELECTION OF ADDITIVESand CHAPTER 5: FEEDSTOCK
PREPARATIONIs discusseHAPTER 6: INFLUENCE OFFEEDSTOCK QUALITY AND

PROCESSING PARAMETERS ONPITTING CORROSION RESISTANCE OF LASER

POWDER BED FUSION PRINTED 316L STAINLESS STEEL
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CHAPTER 8 ENHANCED CORROSION RESISTANCE OF ADDITIVELY
MANUFACTURED STAINLESS STEEL BY MODIFICATION OF FEEDSTOCKand
CHAPTER 9: INFLUENCE OF CARBON NANOTUBES (CN') ON MICROSTRUCTURE
AND CORROSION PERFORMANCE OF ADDITIVELY MANUFACTURED 316L
STAINLESS STEELexclusively presentghe improved pitting corrosion resistance of LRBF

316L with chromium nitide and carbon nanotubiegorporation respectively

Austenitic stainless stesshave wide range of applications from kitchen knife to nuclear
which also include high temperature applicationserature shows 316lstainless steedlloy
exhibiting interganular corrosion resistan{iéC) when exposed to high temperatu(@30- 800

) for more than an houAlthough theintergranular corrosion resistance ainventionally
manufacturing 316L is very well understood in the literature, the IGCP&F316L is only
studied by few research antiservedo be inconsistent*6:°6:57 Therefore, it is worth exploring
and revealing the IGC performance of LPBR6L. Additionally, the strategy of feedstock
modification can also be applied to investigate and improvéaBeof LPBF316L. CHAPTER
10: INTERGRANULAR CORROSION OF FEEDSTOCK MODIFIED ANBDDITIVELY
MANUFACTURED STAINLESS STEELAFTER SENSITIZATION and CHAPTER 11:
INTERGRANULAR CORROSION OF CARBON NANOTUBES ADDED AND LASER
POWDER BED FUSION PRINTED 316L STAINLESS STEIveals the influence of different
additives on intergranular corrosion resistance of LI3B6L.

From theunderstanding based on previous chaptefew nitrides have been selectiye
incorporated into LPBR16L, and their influence on microstructure andchanical properties is
presented INCHAPTER 12: INFLUENCE OF NITRIDES ON MICROSTRUCTURE AND
MECHANICAL PROPERTIES OF FEEDSTOCK MODIFIED AND ADDITIVELY
MANUFACTURED 316L STAINLESS STEEL

Fromthe experimentavidenceand understandinijom CHAPTER 2 to CHAPTER 12,
a few conclusions and hypotlessverediscussedh detail n CHAPTER 13: DISCUSSION AND
SUMMARY . Neverthelessthere are some knowledge gegosd henc€HAPTER 14: FUTURE
DIRECTIONS highlighted the future directionghat would aidin directing the interested

researchers to cover the knowledge gaps.



CHAPTER 2: LITERATURE REVIEW

Annually US $4 trillionis investedin corrosion damage and repglobally, as reported byhe
National Asociation of Corrosio&ngineering">°8 This highlights the neeftbr highly corrosion
resistant alloyshat can mitigate corrosion financial loss@gdvanced manufacturing tecigues
like additive manufacturingoring new technologies that can buildr from equilibrium or
metastable alloyshat can show potential improvement in corrosion resistance codhpare
conventionally manufactured alloy84°>° 316L stainless steel is one tife alloyson which
extensive research was conductir to its wide range of applicatiorieom kitchen knvesto
nuclear>®®1 However, the corrosion resistanceaoiditively manufactureAM) 316L reported
in the literature is inconsistent. A few researchers showed improved corrosion resistance of AM
printed 316Lalloy compared to conventionally manufactured Wrought 31hereasothers
reported deteriorated corrosion performahéé’ 38, This shows aoticeableknowledge gapn
investigatingthe inconsistency and uarstandhg the influential factors thatause the coosion
in AM-printed 316L alloy.

In this chaptera thorough literature e v i e w etiewtohcersioil performance of
laser powder bed fusion printed 316L stainless steel: Effect of processing parameters,
manufacturing defects, pegtocessing, feedstk, and microstructui is presented The

following are the focused areas in the literature review:

1 Influence of manufacturing defects caused the quality of feedstock powder
characteristic¢feedstock quality, powder particle size, shape and distritpind powder
atomization condition and laser powder bed fusiofLPBF) parameters huilding
atmospherelaser input power/energy density, laser scanning velocity, laser scanning
strategy, hatch spacing, layer thicknésser point distance, laser expos time and

building orientatiof on microstructure and corrosion resistance of LI3BBEL.

1 Microstructureand surface properties @fPBF316L after performing pogirocessing
(machining operations, laser surface finishing, heat treatments, pheing,
electrochemical polishing, electroplating, hot isostatic presamdjchemicamachining.

91 Discussion or316L feedstock powderecycling and its impact on microstructure and

properties



1 A complete view bthemultiscalestructurgStructural hierechyi macro, micro and naro
level structure, phases identified, grain size and orientation, cellular structure, oxide nano
inclusions)of LPBF~316L.

1 Insighton corrosion of LPBF316L (Pitting corrosion, intergranular corrosion, erosion
corrosion, and hydrogen embrittliemet Investigation of different influential facter
(porosity, cellular structure, passive film characteristics, oxide nano inclughs,

residual stresseandthermal treatmentson corrosion performance of LPEF6L.

1 Feedstock modiéid and additive manufactured 316L: Microstructure and mechanical
properties Future directions and strategies to improve the corrosion resistance of LPBF
316L are discussed.
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AM Additive manufacturing PDP Potentiodynamic polarization
AM-316L Additively manufactured 316L PSD Particle size distribution
ASS Austenitic stainless steel PSP Potentiostatic polarization
CAD Computer-aided design R Grain growth
Ccs Columnar cellular structure SA Solution annealed
cpp Cyclic potentiostatic polarization Nee Stress corrosion cracking
DED Direct energy deposition SCE Saturated calomel reference electrode
DF Drag finishing SEM Scanning electron microscopy
DL-EPR Double-loop electrochemical potentiokinetic reactiva- SIMS Secondary ion mass spectroscopy
tion SLM Selective laser melting
DOS Degree of sensitization SLM-316L, SLM-316LSS Selective laser melted 316L stainless
EBSD Electron back scatter diffraction steel
ECS Equiaxed columnar structure SMAT  Surface mechanical attrition treatment
EIS Electrochemical impedance spectroscopy SPD Severe plastic deformation
EDS Energy dispersive spectroscopy SR Surface roughness
ET Exposure Time SS Stainless steel
FM Finish machining TEM Transmission electron microscopy
G Temperature gradient UTS Ultimate tensile strength
GA Gas atomization VSF Vibratory surface finish

W-316L, W-316LSS Wrought 316L stainless steel

H-charged Hydrogen charged WA Water atomization
H-diffusion Hydrogen diffusion XPS X-ray photoelectron spectroscopy
H-permeation Hydrogen permeation XRD X-ray diffraction
HE Hydrogen embrittlement D Layer thickness
HIP Hot isostatic pressing H Hatch spacing
IGC Intergranular corrosion L Passive film thickness
IPF Inverse pole figure P Laser powder
KAM Kernel average misorientation \ Laser scanning velocity
LMD Laser metal deposition \ Vacancy
LOF Lack-of-fusion D Cell spacing
LPBF Laser powder bed fusion Ey Breakdown potential
LPD Laser input energy density Erep Repassivation potential
LSR Laser surface re-melting K Constant
LSS Laser scanning strategy Na Acceptor density
LSV Laser scanning velocity Np Donor density
MFP Modified feedstock powders i Dislocation density
MMC Metal matrix composites Re Passive film resistance
MP Melt pool Ret Charge transfer resistance
MPB Melt pool boundaries A Cellular spacing
M-S Mott-Schottky T Cooling rate
0DS Oxide dispersion steel Defr Hydrogen diffusion coefficient
PBF Powder bed fusion
PBS Phosphate buffer saline
PD Point Distance
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are rapidly growing in various industries. The superior and consistent mechanical and corrosion proper-
ties of LPBF-printed components are essential for engineering applications. The 316L stainless steel (SS) is
an essential alloy with widespread applications from household items to nuclear and aerospace indus-
tries. Extensive research is conducted to understand and improve the mechanical properties of LPBF
printed 316L SS. Studying the corrosion behavior of LPBF printed 316L has attracted only limited atten-
tion. Additionally, a discrepancy in the corrosion performance of LPBF printed 316L has been reported
due to the complex microstructure and defects introduced during LPBF. Therefore, understanding the
influence of processing parameters and feedstock on defects and microstructure becomes critical in
understanding the processing-corrosion relationships and producing LPBF printed 316L components with
reproducible properties. This review presents the influence of feedstock, processing parameters, and
post-processing techniques on manufacturing defects, microstructure, and corrosion performance of
LPBF printed 316L. Strategies and hypotheses to improve the corrosion resistance of LPBF printed 316L
are also presented.
© 2022 The Authors. Published by Elsevier Ltd. Thisisan openaccessarticle under the CC BY-NC-ND license
(http: //creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The recent history of manufacturing technology development
was primarily dedicated to increasing productivity and decreasing
cost [1]. Enormous modifications in the production cycle, enhanc-
ing the tool life, and reconsidering the complex design and struc-
ture have been implemented to meet the requirements [1].
However, the high demand with increasing human population
and design complexity to fulfill the needs of technological
advancements seek alternate approaches that can favour automa-
tion in manufacturing. Additive manufacturing (AM) or 3D printing
is an emerging technology that substitutes conventional methods
like casting, rolling, and forging. AM is a process of building 3D
components with the help of a computer-aided design (CAD)
model, usually in a layer-by-layer deposition of metal/polymer/ce-
ramic. Some commonly known advantages of AM over conven-
tional manufacturing methods include elimination of multiple
production steps [2], design freedom [3], adaptable complexity
with near-net shaped structures [ 1], capability to eliminate tooling
[4], greater customization [5], manufacture segments from macro
to micro scale [6], effective material usage with minimal wastage
[ 1], easy to produce a revised version of products | 3], hallow or lat-
tice structure in the one-step process [7], on-demand procurement
of individual parts [8] at a relatively lower cost. The advantages of
AM elevated its progression exponentially in industries, including
but not limited to aerospace [9,10], automotive [5], and healthcare
[11,12]. Besides, AM has a few drawbacks, such as high investment
for mass-scale production [13], post-processing treatments
requirements to improve component properties [14], inhomoge-
neous properties in a single component [15], high energy con-
sumption [16], limited material choice [17], restricted build
volume [18], and slow process compared to traditional manufac-
turing methods [18].

The 316L stainless steel (316L SS) is an austenitic stainless steel
(SS) which has a wide range of applications. The composition (in
wt.%) of grade 316L SS is Cr (16-18), Ni (10-14), Mo (2-3), C
(<0.03), Mn (<2), Si (<0.75), P (<0.05), S (<0.03), N (<0.1) and
Fe (Balance); the ‘L' stands for low carbon concentration. The
316L SS owing to superior properties like high ductility, high weld-
ability, moderate yield strength, and high corrosion resistance at
relatively low cost, has been recognized as an essential alloy in
wide industrial applications ranging from household goods to
aerospace, nuclear industries [19]. Laser powder bed fusion (LPBF),
a commonly known AM technique, has been extensively used to
produce 316L metallic structures with complicated geometries
and superior properties [20]. Selective laser melting (SLM) solu-
tion, Renishaw, and concept-laser are some of the common LPBF
printers [21]. This review focuses on laser powder bed fusion
printed 316L stainless steel alloy (LPBF-316L). The LPBF starts with
spreading a thin layer of evenly distributed metallic powder parti-
cles (powder bed) on the building platform, which are melted and
fused using a laser source aided by a CAD design. Later, the build-
ing platform is lowered, and a new layer of powders is spread.
Eventually, the localized melting and solidification of layers lead
to the construction of a complete component. The rapid solidifica-
tion rates of ~(10*-107) K/s play a crucial role in determining the
microstructure and attendant properties of the printed component
[18]. Developing new CAD programs, optimizing the processing
parameters, and understanding the microstructure and its relation
to LPBF printed 316L components’ mechanical properties have
been of extensive interest [22-27]. However, understanding the
influence of feedstock powder characteristics, processing parame-
ters, and defects on components’ density and properties is lacking.
Moreover, the corrosion behavior of LPBF-316L components did
not gather much attention, and a significant discrepancy in data

11

Materials & Design 221 (2022) 110874

has been reported in the literature. It is crucial to have superior
and reproducible corrosion properties of LPBF printed components
to extend their engineering applications. Some studies [19,28,29]
reported superior corrosion resistance of the LPBF-316L compared
to wrought-316L, whereas others [30-33] showed lower corrosion
resistance of LPBF-316L than wrought-316L. The inconsistency in
the corrosion performance has been attributed to the manufactur-
ing defects (like porosity) and microstructural heterogeneities
caused by the influence of various processing parameters
[19,34,35]. A comprehensive understanding of the role of process-
ing on microstructure and corrosion performance and methods to
control microstructure are needed to produce materials with uni-
form properties.

A comprehensive overview of the structure/processing/prop
erty/performance relationship for additively manufactured 316L
is presented herein. The influence of feedstock powder and pro-
cessing parameters on manufacturing defects and microstructural
heterogeneities on LPBF printed 316L is presented in Section 2.
Additionally, the common post-processing techniques performed
on LPBF-316L components (Section 3) and the importance of recy-
cling feedstock powders (Section 4) are discussed. Finally, the
influence of processing and microstructure (reviewed in Sections
2-5) on corrosion of LPBF printed 316L is presented in Section 6.

2. Manufacturing defects: Influence of feedstock powder
characteristics and LPBF process parameters

The defects in components manufactured by LPBF are inevitable
and depend on the various processing parameters [36,37] and
feedstock characteristics [38,39]. These defects include surface
roughness [40], balling phenomena [41], lack-of-fusion (LOF) pores
[40], gas porosity [42], gap/void [43], keyhole pores [44], macro
and micro cracks [45,46], and residual stresses [47]. Fig. 1 shows
the length scale of the common defects in LPBF-316L. The detri-
mental effect of these manufacturing defects on component den-
sity and properties, including mechanical and corrosion, has been
reported extensively [18,19,36-38,48-54]. Therefore, a thorough
investigation of the influence of processing parameters on the
defects and microstructure is essential for developing LPBF compo-
nents with consistent properties. A schematic representation of the
LPBF and various processes parameters are presented in Fig. 2.
Feedstock powder characteristics and building atmosphere, laser
input power/density, scanning velocity and pattern, hatch spacing,
layer thickness, point distance, exposure time, and building orien-
tation (Fig. 2) are critical processing parameters that are discussed
herein.

2.1. Feedstock powder

Feedstock powder is one of the crucial aspects of metal additive
manufacturing that determines component density [38,39],
dimensional accuracy [76], process and product quality [77], and
reproducible properties [78]. The qualification of the feedstock is
determined based on factors like feedstock quality, powder (size,
shape, and distribution), and atomization conditions that are dis-
cussed herein.

2.1.1. Feedstock quality

The feedstock powder defects, including porosity inside the
powder particles, tiny satellites attached to the powder particles,
dendrite on the powder particle surface, and broken powder parti-
cles [38,39], are depicted in Fig. 3. During gas-atomization, high-
pressure gas jets and faster solidification rates cause gas entrap-
ment inside the powder particles causing porous powders [38].
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Fig. 1. The length scale of the common defects in 316L feedstock powder and laser
powder bed fusion printed 316L (based on the data collected from [26,32,34,38-
40,44-46,49,52,54-75]). Note: Surface roughness does not include the staircase
effect.

Most of the porous powder particles were observed to have a pore
at their center, as shown in Fig. 3. The porous feedstock powder
used for LPBF would eventually cause porosity in the printed com-
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ponents. The tiny satellites attached to the powder particles, bro-
ken powder particles, and dendrite powder particles function as
friction points that decrease the powder flowability creating
gaps/voids in the LPBF components [39]. Contaminants like oxides,
moisture, and foreign particles on the powder surface would lead
to gas porosity and oxides inclusion formation [38,54,79]. Higher
porosity indicates degraded component density and long-term
performance.

2.1.2. Powder particle size and distribution

The staircase effect is commonly observed in AM printed com-
ponents and is reported to be influenced by powder size, layer
thickness, and surface orientation [81,82]. The step-like feature
resulting from layer dragging and geometric approximation error
is called the staircase effect [82]. The components with the stair-
case effect show poor surface quality and demand post-
processing. The staircase effect increases with an increase in parti-
cle size [81]. Smaller powder particles reduce the staircase effect
and support building the components with higher precision
[78,83]. On the contrary, fine powders are prone to agglomeration,
which is a significant drawback in the LPBF process [14,84]. These
agglomerates increase the interparticle friction during powder
recoating in the LPBF process resulting in low powder bed density.
The other drawbacks of fine powder particles involve higher laser
reflectivity causing low absorption of laser power resulting in
un-melted powders [85] and a high probability of evaporation [86].

Moreover, higher densification of the powder bed is achieved
with a wide particle size distribution (PSD), indicating that the
smaller particles are tailored between the voids of larger particles
[87]. However, wide-PSD has a drawback of low flowability [88].
Hence, choosing an optimum particle size and PSD that reduces
interparticle friction and increases flowability is necessary
[89,90]. Powder particles typically between 10 and 50 pm for LPBF
are suitable for high precision printing [91].

2.1.3. Powder particle shape

Most AM processes achieved high densification with near
spherical-shaped powder particles [45,87,88,92]. The spherical
powder particles yield lower inter-particle friction, thus increasing
powder flowability resulting in high layer densities [93,94]. In con-
trast, irregular powder particles restrict powder flow creating
gaps/voids [43]. Atomization is one popular method that produces
powders in wide size distribution with high sphericity. Various
shape factors, including aspect ratio [95], roundness [96], elonga-
tion [97], flatness [96], circularity [98], dispersion [97], and
perimeter to area ratio [99], determine the particle shape.

2.1.4. Atomization conditions

High-pressure fluid jets are imposed on the molten metal
stream extruding through an orifice to divide it into numerous fine
droplets that solidify as particles during free-fall [87]. During the
powder solidification, the metal droplets transform into
spherical-shaped particles to minimize the surface energy. This
process is called atomization. The atomization process under high
gas-pressure and water-pressure jets are called gas-atomization
(GA) and water-atomization (WA), respectively. GA powders exhi-
bit higher circularity than WA powder, as represented in Fig. 4. The
WA powders are irregular-shaped due to higher cooling rates,
shrinking the available time for surface tension forces to transform
the metal droplets into spherical-shaped particles [87]. The surface
chemistry of GA and WA powders also differs significantly. The GA
powder exhibited 20-100 nm Mn-rich surface oxide particles,
whereas WA showed Si-rich irregular-shaped particles [100]. The
LPBF components of WA powder showed higher porosity than
GA. The irregular-shaped water-atomized powders with high sur-
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Process Parameter Definition
1 The atmosphere/environment inside the building chamber
2 lLaser power Energy used to melt the powder particles
3 Laser Scanning v¢ The speed at which laser is moving
@ Scanning Strategy A predetermined pattern which the laser is following
5 Hatch spacing The distance between two adjacent scanning tracks
6 layer thickness The thickness of the powder bed layer
7 Point distance The distance between two consecutive laser spots
8 Exposure time The period at which one spot is heating by laser
9 Building orientation/direction  The direction along which specimen is constructed

Powder Bed

P W

1 T
Feedstock Powder particles

Fig. 2. Schematic representation of laser-powder bed fusion.

Defects in 31

10 pm

Dendrites

Satellites

Fig. 3. Micrographs presenting the defects in 316L SS feedstock powder [38,39,80].

face contamination cause oxidation of each layer resulting in layer
delamination and debonding [45,87], as observed in Fig. 4.

Argon and nitrogen gases are widely used for the GA process.
Atomization in nitrogen is reported to facilitate austenite, whereas
argon is reported to cause martensite formation during GA of 17-4
PHSS [101]. Authors [101,102] observed the microstructure of LPBF
of nitrogen and argon GA powder accommodating austenite and
martensite, respectively, which could be coming from the feed-
stock. The argon GA 316L powder exhibited higher circularity than
nitrogen [ 103]. This indicates that gases used during GA can signif-
icantly influence the microstructure of LPBF components. Com-
pared to GA powders, the WA powders experienced high
solidification rates during the atomization process. Such high
solidification rates can accommodate phases like martensite,
non-equilibrium phases, etc. These WA powders with secondary
phases undergoing LPBF can retain the secondary phases in the
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microstructure. In such a case, the corrosion performance of
LPBF-316L printed using WA powder will be negatively influenced
due to the presence of distinct phases with different electrochem-
ical potential compared to the stainless-steel matrix. A thorough
literature review shows that not many studies have investigated
the phases in WA powders nor mentioned them in detail [45,56].
Riabov et al. [56] had reported increased nano oxide inclusion den-
sity in LPBF-316L printed using WA powder compared to GA pow-
ders. A detailed study on the impact of WA powder on mechanical
and corrosion properties is still an unexplored area.

2.2. Building atmosphere or chamber gas
The building atmosphere is defined as the protective chamber

gas used to prevent oxidation of the LPBF printing component, as
seen in Fig. 2. The interaction between the laser beam and powder
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Fig. 4. The micrographs of gas and water atomized 316L and corresponding LPBF component [45].

bed causes a significant temperature rise promoting stable oxide
formation [104]. Such oxide formation is undesirable and is mini-
mized by flushing suitable gases into the chamber. Most com-
monly, high purity nitrogen and argon gases are used as chamber
gas. Argon is an inert gas, whereas nitrogen can dissolve in molten
metal and produce nitrides in combination with active metals like
chromium, titanium, etc. [104]. Pauzon et al. [104] reported that
the surface roughness, relative density, microstructure, mechanical
properties, and oxygen percent of the LPBF-316L component built
under argon and nitrogen gases did not differ significantly. How-
ever, nitrogen dissolution was noticed in all nitrogen atmospheres.
Boes et al. [105] studied the effect of nitrogen incorporation into
316L powders by nitriding and later LPBF. Nitrides were noticed
on the top of the powder surface after nitriding. The LPBF-316L
printed using nitride powders showed improved tensile strength,
young’s modulus, and yield strength. An increase in nitrogen per-
centage in LPBF-316L was also reported to improve the corrosion
performance [106,107].

The influence of chamber gas (argon) flow rate during LPBF-
316L was studied by Eo et al. [108], as shown in Fig. 5a. The
researchers reported reduced oxygen percent in the components
with increasing the chamber gas flow rate. They investigated the
effect of chamber gas flow direction (random, parallel, opposite,
and perpendicular directions (to building direction)) on oxygen
absorption after LPBF printing. The random flow direction had
the highest oxygen percent, whereas the perpendicular direction
had the least. The chamber gas also significantly affect the powder
degradation and, therefore ability to reuse the powder [104], as
shown in Fig. 5b. Under argon chamber gas, the powder degrada-
tion is minimal after single processing and reusable till three
cycles. Under nitrogen, the powder degradation is higher, i.e., after
single processing, ~10% of the collected powders had severe oxida-
tion features, Fig. 5b [104]. These severe oxidation features can
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reduce bonding between layers by forming slag and introduce
porosity which negatively impacts the mechanical performance
of the LPBF-316L [108].

2.3. Laser input power/energy density

The amount of laser energy given to the powder bed to melt is
quantified as laser input power or laser input energy density (LPD)
during the AM process. The laser input energy density is given by
the ratio of laser power (P) and the product of laser scanning veloc-
ity (v), hatch spacing (h), and layer thickness (d); and the ratio is
equated as P/(v*h*d). The LPD has a significant impact on the LPBF
processing time [54], which can be categorized as primary process
time (i.e., laser scanning period) and auxiliary process time (i.e.,
powder recoating and substrate movement period) [8]. Higher
LPD favors faster production rates, for instance, ~41.8% decrease
in the manufacturing period from 100 W (>11 h) to 380 W (<7 h).

The laser input power/energy density influences the penetra-
tion depth and the melt pool shape and dimensions. The melt pools
of LPBF-316L at low LPD are cone-shaped, whereas large and elon-
gated melt pools are observed at high LPD [34]. Similarly, Li et al.
[45] reported increased penetration depth with an increase in
LPD of the single-line scanning track of LPBF-316L. The lower
LPD possesses high wetting angle and poor wetting abilities caus-
ing insufficient bonding between the molten track and the sub-
strate, which leads to low laser penetration depth [24,66]. In
contrast, higher LPD acquires higher temperatures which favor
low wetting angle and high penetration depths. Consequently, a
better surface finish and large molten pools are observed with high
LPD [45,66].

The general trend between porosity and LPD is that the compo-
nent's porosity decreases to a specific value of LPD and increases
later [19,34,40,44], as seen in Fig. 6. Literature [34,40,44]| shows a
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4 i

Fig. 5. (a) Histogram presenting the oxygen% vs. chamber gas (argon) flow rate (mm/s) [108] (b) Micrographs imaging the powder degradation using nitrogen (after one

cycle) and argon (after three cycles) chamber gas [104].

Defect type in LPBF-316L component
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Fig. 6. Porosity vs. Laser input energy density measured at LPBF component’s side and top face [44].

trend in pore shapes/types at different LPD, as depicted in Fig. 6,
and the micrographs of common defects in LPBF-316L are pre-
sented in Fig. 7. The lowest LPD specimen exhibited irregular
polygonal-shaped porosity at the inter-layer boundaries due to
lack of fusion, commonly known as lack-of-fusion (LOF) pores
[34,40,44,109]. The components printed with an intermediate
LPD exhibited the highest density and had gas porosity [40,44].
At high LPD above a specific threshold value (>120 J/mm® for
LPBF-316L [40]), the laser melting mode shifts from conduction
to the keyhole, forming deeper melt pools having voids at the
pool's bottom typically called keyhole pores [34,4044,59]. At
extremely high LPD owing to extreme temperatures causes vapor-
ization of very fine powder particles and low melting elements
[42], laser spatter, and condensation [66,110,111], finally develop-
ing micro porosity [40]. The condensed particles may stick to the
surface masking the optics and heating elements [17].

2.4. Laser scanning velocity

Thevelocity at which the laser source travels to melt the powders
is called laser scanning velocity (LSV). The exposure period of laser
source on powder particles is greater at lower LSV than higher. Con-
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sequently, lower LSV acquires high temperatures resulting in over-
spreading and increased melt pool/track width and depth [32,45].
In contrast, higher LSV restricts the liquid spreading ability on the
substrate [32,45]. Several researchers [18,19,26,32,60,112] reported
increase in porosity with increasing LSV for LPBF-316L. Higher LSV
provides less time to melt the powder, which causes insufficient
melting attributed to LOF porosity [45,60,112]. However, lower
LSV and high input energy increase the dissolution of gases in the
molten pools resulting in gas entrapment and porosity [19]. Fig. 8
shows a higher porosity percent and the number of pores/mm? at
higher LSV. Thus, choosing the optimum LSV and the processing
parameters (such as LPD and hatch spacing) is essential for higher
densification of printed components [32].

Moreover, higher LSV is also reported to degrade surface rough-
ness (SR) [113]. SR is a combined effect of insufficient melting and
balling phenomena. At higher LSV, the length of the molten pool
increases quickly, whereas the width of the pool slightly reduces;
such a condition encourages the molten pool to breakdown into
separate islands of disconnected balls or agglomeration of balls,
called balling phenomena (BP), attributed to Rayleigh instability
[114], as depicted in Fig. 9a. BP is governed by the wetting charac-
teristics and temperature of the molten pool and solid surface [40].
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Fig. 7. Commonly observed defects in LPBF printed 316LSS component [34,40,44-46,52].
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Fig. 8. Laser scanning velocity (LSV) vs (a) vol% porosity and (b) number of pores
(mm?) [32].

This pool instability creates a void at the center of the pool
(Fig. 9a). The combined effect of higher LSV and strong backward
driven flow due to surface tension enlarges the void, eventually
breaking into islands, resulting in higher surface roughness and
porosity [41], as shown in Fig. 9a. Once a coarse porous layer asso-
ciated with BP is formed, the following fresh layer of powder could
not fill all the pores created by the previous layer. Even if few pores
are filled, the laser energy may not penetrate till the bottom layer
to melt, thus creating a next porous layer and continuing as a chain
[45], as observed in Fig. 9b. Under the influence of high capillary
force and such chain effect, the component produces severe poros-
ity that degrades its density and attendant properties.

2.5. Laser scanning strategy

Laser scanning strategy (LSS) is a predetermined geometrical
pattern followed by the moving laser beam. LSS impacts building
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time, manufacturing defects, and properties of the alloy [115].
LSS differs by different scanning directions, scanning sequence,
scanning vector rotation angle, scanning vector length, scanning
time, and hatch spacing [115]. Some of the common LSS used to
print LPBF-316L are presented in Fig. 10 and Table 1.1t is challeng-
ing to compare, correlate and investigate the influence of scanning
strategy on the specimen density and type of manufacturing
defects from the literature as reported in Table 1 due to difference
in other processing conditions. However, a few general conclusions
can be made. The LPBF-316L specimen printed using bidirectional
scanning strategy absorbed higher oxygen content and higher
porosity than the unidirectional scanning strategy [108]. The bidi-
rectional strategy has higher interaction between the laser beam
and the vapor plume, resulting in higher oxygen content and
porosity. Smaller scan vector length favored lower residual stress
and enhanced the mechanical properties [115]. The LSS with fre-
quent rotation angles provided a higher density [27]. Also, the fre-
quent rotation angles broke the epitaxial columnar growth and
favored fine equiaxed grains formation, which enhanced the prop-
erties like tensile strength, ductility, hardness, and fatigue strength
[25,27,62]. Moreover, Marattukalam et al. [116] reported that the
rotation angles favored fiber texture in LPBF-316L. The fiber tex-
ture was correlated with enhanced hardness, young's modulus,
yield strength, and elongation at fracture. This shows merit in
choosing LSS that can print LPBF-316L components in isotropic
and anisotropic properties according to the requirement. This
shows intense research conducted on the mechanical performance
of LPBF-316L printed using different strategies. However, the influ-
ence of different LSS on corrosion LPBF-316L is yet to be
investigated.

2.6. Hatch spacing

The distance between two adjacent scanning tracks is called
hatch spacing (h), as represented in Fig. 2. Smaller hatch spacing
can consume high printing time but are beneficial to achieve better
densification rates and surface finish. The smaller hatch indicates a
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Metallic ball

Fig. 9. (a) 3D view of the broken molten pool creating void [41] (b) Micrograph image of balling induced porosity (chain effect) [45].
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Fig. 10. Schematic of some of the common scanning strategies used to print LPBF-316L. Laser scanning strategies can be bidirectional or unidirectional. Strategies mentioned
in (a-g) are examples of bidirectional laser scanning. The numbers in (d-g) indicate the sequence of printing, i.e., Island strategy - Random and chessboard strategy - either

white or black boxes are printed first, and later, the remaining are printed.

tight overlapped track and re-melting of previously scanned paths
resulting in low porosity and better surface finish [54]. Porosity can
be due to balling effect, and purposefully overlapping the scanning
tracks can create a smoother surface and reduce the possibility of
developing porosity caused by balling effect [45]. Moreover, poros-
ity in the form of gaps/voids can be caused by wider hatch spacing.
Wider hatch spacing indicates a larger distance between the con-
secutive scanning tracks that causes gaps/voids due to a lack of
overlapping scanning tracks [45], Fig. 11. Hence, smaller hatch
spacing is preferred [54]. Fayazfar et al. [37] explained the ratio
of hatch spacing to the laser spot size in determining the relative
densities. The researchers reported that a wide range of relative
densities (up to ~100%) are possible with a 0.6-1.5 ratio of hatch
spacing to laser spot size in LPBF processes.

2.7. Layer thickness

Layer thickness (d) is one crucial parameter to establish an
acceptable powder size distribution for AM [87]. Higher layer
thickness results in higher surface roughness, LOF porosity, and
low component density due to insufficient power to penetrate
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deep through the dense powder layers|[87], Fig. 12. Hence, it leads
to partial melting in LPBF printed 316L [45,123,124].

Remelting is a process performed on the solidified layers to
modify the microstructure and improve the properties of the alloy.
Yang et al. [125] reported enhanced hardness up to ~17% and wear
resistance by remelting the previously solidified layer of LPBF-
316L. Kurzynowski et al.[118] reported that remelting of LPBF-
316L had eliminated the defects, increased the grain misorienta-
tion, and improved hardness. The enhanced mechanical properties
were attributed to grain rotation caused by remelting and rotation
in the scanning strategy [118,125]. Remelting the previously solid-
ified adjacent tracks and the rotation in remelting scanning strat-
egy aided grains to rotate up to an orientation where slipping is
difficult to happen. Although remelting takes a long processing
time to print the alloy, higher mechanical properties can be
achieved. The influence of remelted microstructure of LPBF-316L
on corrosion performance is still yet to explore.

2.8. Point distance and exposure time

Point distance (PD) is defined as the distance between two con-
secutive laser spots, whereas exposure time (ET) is the period at



V.B. Vukkum and RK. Gupta

Table 1
Summary of laser scanning strategies used for printed LPBF-316L.
Laser scanning strategy Reference
Meander strategy with 0° rotation between layers [31]
(unidirectional )
Meander strategy with 0° rotation between layers [62,116,117]
(bidirectional)
Meander strategy with 67° rotation between successive layers [62,116]
(bidirectional)
Meander strategy with 90° rotation between layers [27,117,118]

(bidirectional)
Meander strategy with 67° rotation + counter scan around the [119]
layer perimeter (bidirectional)

Meander cross hatch strategy (unidirectional ) [120]
Meander cross hatches strategy (bidirectional) [27]
Stripe strategy with 67° rotation between layers [106]
Stripe strategy with 115° rotation (bidirectional) [26]
Stripe with 67° rotation + counter scan around the layer [119]
perimeter (bidirectional)
Island strategy with 0° rotation angle (unidirectional) [25]
Island strategy with 47° rotation angle (unidirectional) [25]
Island strategy with 90° rotation angle (unidirectional) [25]

Island strategy with 0° rotation angle (unidirectional + alternate [25]
scanning direction)

Island strategy with 0° rotation angle [25]
(hexagonal scanning pattern - inside to out scanning
direction)

Island strategy with 90° rotation (bidirectional + alternate [31]
scanning direction)

Islands strategy with 67° rotation + counter scan around the  [119,121]
layer perimeter (bidirectional)

Chessboard strategy [47,122]

Chessboard strategy with 30° rotation + countered the layer  [24]
along its perimeter twice

Chessboard strategy with 67° rotation (bidirectional) [49,117]

which one spot is heated by the laser source [126], Fig. 2. PD and ET
can influence the surface roughness and the porosity of LPBF-316L
[40,127]. The larger PD indicates gaps between the consecutive

e

'

1

) : .
i _~ et

\1 i
e 8

High bed density

d=30 pm

18

Materials & Design 221 (2022) 110874

laser spot reducing the laser overlap, thus resulting in a rougher
surface [40,126]. A higher ET and lower PD point distance reduces
the surface roughness, and porosity as the powder bed is exposed
to a longer heating time resulting in a smooth surface [80,127], as
shown in Fig. 13.

2.9. Building orientation

Building orientation is defined as the direction along which the
specimen is constructed. Building orientation had a significant
effect on residual stresses and grain morphology in LPBF-316L
[47,128]. The frequent heating and cooling cycles during the man-
ufacturing process cause a significant temperature gradient; conse-
quently, a high-stress field called residual stress [46]. To release
this residual stress, the sample tears into macro and micro cracks
[45,46], as imaged in Fig. 7. The cracks developed on previous lay-
ers act as nucleation sites and propagate to the next layer [54].
Stainless steels owing to low thermal conductivity and high ther-
mal expansion coefficient, are susceptible to such cracking. The
compressive stresses were measured for horizontal and vertical
build specimens, whereas the 45° angle specimen had tensile
residual stresses [47], as presented in Fig. 14d. The vertically built
specimen showed a mixture of large equiaxed and small columnar
grains, whereas the horizontal specimen had large columnar
grains, Fig. 14(a-b). The 45° angle specimen had near-equiaxed
smaller grains, Fig. 14c.

3. Post-processing techniques performed on LPBF printed 316L

Post-processing is performed on the LPBF manufactured com-
ponents to minimize the defects and enhance the component prop-
erties, including surface [129], mechanical [112], and corrosion
properties [130,131]. Commonly performed post-processing treat-
ments on metals include machining operations, laser surface fin-

d=70 pm

Fig. 12. Schematic diagram representing the powder bed density at different layer thicknesses (d) [87].



V.B. Vukkum and RK. Gupta

Point distance in pm

75ps 1255 250 s

Exposure time in ps

375 s 500 s

750 ps.

Fig. 13. Microstructures of LPBF specimen at different exposure time (ET) and point
distance (PD) [80].

ishing operations, heat treatments, shot peening, electrochemical
polishing, electroplating, hot isostatic pressing, and chemical
machining [66,132-136].

Surface severe plastic deformation (SPD) is used in the manu-
facturing industry for enhancing corrosion resistance [130],
mechanical [137], and tribological [138] properties. Shot peening,
ultrasonic peening, and grit blasting are collectively called surface
mechanical attrition treatment (SMAT), which induces severe plas-
tic deformation on the substrate surface resulting in surface nano-
crystallization [139,140]. For example, shot peening is one SPD
process that involves the bombardment of hard and spherical small
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particles of ceramics, glass, or metal at specific velocities sufficient
to create high plastic deformation at the surface in nearby regions.
Consequently, the component’s physical and mechanical proper-
ties on the outermost surface are improved. The surface roughness
of LPBF-316L was improved up to 96% using SMAT [68], Fig. 15a.
The high-energy shot of hard particles creates a flattening effect
on the surface, thus, increasing the surface quality. Researchers
[68,129] reported improved properties, including compressive
yield strength, wear resistance, and hardness attributed to grain
refinement and phase transformation. In the case of 17-4 stainless
steel, the martensitic transformation temperature is low; hence,
during shot peening, due to the high work hardening effect,
austenite to martensite transformation occurred, which could be
the reason for the reported increase in hardness [129].

Other post-processing techniques like laser surface re-melting
(LSR) can improve surface roughness (up to ~80%) and relative
density significantly [66], Fig. 15b. In LSR, the laser rescans the pre-
viously printed layer with a quantified offset of distance laser to
create a smooth surface finish. The laser type, power, and speed
used for LSR can alter the technique efficiency [141]. Post-
processing operations, including drag finishing (DF), finish machin-
ing (FM), and vibratory surface finish (VSF), are performed on LPBF-
316L to improve the surface characteristics (Kaynak et al. [74]). For
DF and VSF, ceramic abrasive particles were used, while FM oper-
ation utilizes a CNC turning center. The DF and VSF improved sur-
face roughness up to ~60% and ~40%, respectively, whereas FM
improved up to ~75%, Fig. 15c. Moreover, FM post-processed sam-
ples acquired ~14% higher hardness attributed to strain hardening
on the surface.

Hot isostatic pressing (HIP) is commonly performed to improve
densification [80,142]. The HIP was performed on the LPBF-316L
specimen at a temperature > 1000 °C and densified between 100

-100 A

Residual Stress (MPa)| &

-200 4 - T

-300

Verltical Horiz'on!al 4'5°

Fig. 14. (a-c) EBSD micrographs and (d) measured residual stress of LPBF-316L specimen built at (a) Vertical, (b) horizontal and (c) 45° building orientation [47].

1

19



V.B. Vukkum and RK. Gupta

As-printed ing

After post-process

Materials & Design 221 (2022) 110874

- He
g
3
o 8 1
BE
: 3¢
Y ; 1005 ;“' i *
Surface roughness improved up to ~96% "§ ; 3 i
. . '%2‘ ¢ "
7§ 8 8 3§ 3§ =1 1 ut
s ~ & & 2§ 35 Bf 3:
£2 1 2] it
z > P s

Fig. 15. Comparing surface roughness of LPBF-316L components in as-printed and after (a) SMAT (b) LSR (c) VSF, DF and FM post-processing condition [66,68,74].

and 150 MPa pressure for a certain time [80,142]. The HIP process
aided in removing cracks and reducing porosity to some extent
[80,142]. However, HIP performed specimen exhibited large grains
compared to as-printed LPBF-316L, and consequently decline in
mechanical properties like yield strength and tensile strength
was reported [80,142]. The reduced crack density and increased
grain size improved the young's modulus and ductility [142].

Heat treatment is a common post-processing treatment where
components undergo heating and cooling cycles to acquire homo-
geneous microstructure and enhance physical and mechanical
properties [133]. The LPBF-316L specimen, undergone heat treat-
ment at a temperature between 600 and 1095 °C for 2 h, showed
detrimental mechanical properties like yield strength, ultimate
tensile strength, and microhardness compared to as-printed
[29,132,133], Fig. 16. The cellular structure and melt pool bound-
aries in the LPBF-316L specimen disappeared after the heat treat-
ment, and only grains were observed, Fig. 16(a-b). Researchers
[29,132,143] observed increased grain size for heat-treated speci-
mens above ~1000 °C compared to the as-printed specimen. The
cellular structure improved mechanical strength, and its disap-
pearance caused a drastic drop [36,132]. The heat-treated speci-
men also exhibited poor corrosion performance attributed to
increased oxide inclusion density and the thin passive film, as
reported by Kong et al. [29].

Surface roughness and porosity in LPBF printed 316L can dete-
riorate the corrosion performance. Therefore, it is essential to elim-
inate or reduce them. From the above discussion, it is understood
that post-processing techniques like SMAT, LSR, DF, VSF, HIP, and
FM can significantly improve the surface roughness and mechani-
cal properties. However, not many studies have reported the corro-
sion performance of LPBF-316L after performing these post-
processing techniques. Besides, HIP and heat treatment on LPBF-
316L improved the microstructural homogeneity, but the mechan-
ical and corrosion properties drastically deteriorated [29,80,142-
144]. Moreover, the post-processing techniques are expensive
and increase the net production time.

4. Recycling of the feedstock powders

The process of collecting the powder left unmelted on the build
platform and collector bin of LPBF process later gathered for reus-
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ing them in the same AM technique is called powder recycling
[145]. Recycling the powders after AM process benefits energy con-
servation, reduces waste and resources, and decreases cost. The
recycled powder's degradation depends on the composition of
alloy powders, processing parameters, and the building environ-
ment of the respective AM technique [39]. For example, after mul-
tiple reuses, Inconel 718 powders are chemically stable [132,133],
whereas Ti-6Al-4V powders tend to acquire oxygen and influenced
component properties [93,146,148]. For 17-4 stainless steel and
Co-Cr powders, the oxygen content and average powder particles
sizes increased with an increase in the number of uses and reduced
the flowability [149,150]. In the case of AlSi10Mg powder, there is
no significant difference between virgin and reused powders. How-
ever, the condensate (partially or highly melted) powder of
AlSi10Mg was significantly different in terms of particle size, com-
position, morphology, and microstructure [151]. Laser spatter
powders of 304L were noticed to have higher particle sizes [39].
Powder degradation was higher in 316L powders built-in nitrogen
chamber gas than argon [104], as shown in Fig. 5b. Many research-
ers claim that powders can be recycled several times (10-30 times)
without much decrement in the component properties
[39,55,111,145,148,152-154]. However, the quality of the printed
component is always questionable without a detailed examination
of the recycling powders.

Studies on Ni-based superalloy 718 power (recycled 10 times)
[153], 316L SS (12 times[152], 10 times [55], 30 times [39]), Ti-
6Al-4V powders (21 times) [148] and 17-4 pH SS powders (11
times) [145] reported increases in the oxygen content and concen-
tration of metallic oxides of the recycled powders. Sartin et al.
[152] worked on 12 times recycled 316L SS, where only 5% of the
recycled powders were revealed to have variation in oxidation
level and particle size. However, Heiden et al. [39] research on
30 times recycled 316L SS powder reported that the density of
the printed part decreased with an increase in the recycle times
because of the increase in oxidation level, i.e., virgin powder sur-
face consists of 3.7 + 0.5 nm of SiO, which increased to 4.4 + 1.1
nm for 30 times reused powder, as shown in TEM images of
Fig. 17. Galicki et al. [155] reported oxygen pickup for 316L SS to
depend on the relative position of the power to the heat source.
The highly surface oxidized powder used in the printing process
elevated the melt pool’s oxygen content, causing disturbance and
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Fig. 16. Microstructure and mechanical performance of LPBF-316L after heat treatments [29,132].

destabilization in surface-tension fluid flow behavior resulting in
spatter and defects [92].

Researchers (316L) [39,55] have observed the degrading pow-
der morphology of recycling powders due to particle-laser interac-
tion during LPBF, which includes bonded particles, particle clusters
with multiple satellites, deformed shape particles, oxidized parti-
cles, and altered phases, as shown in Fig. 18. As the number of recy-
cling rounds increased, the powder morphology further degraded,
resulting in higher surface roughness and defects like porosity and
cracks. Powders that are spattered and condensed are also used as
recycled powders. Studies [93,147,150] observed that these spat-
tered powders are large in diameter than virgin powder. Conse-

Pt Coating

316L

quently, the larger particles cannot find the voids of the powder
bed, causing lower powder bed density [39]. Additionally, these
spattered powders had a modified aspect ratio which can trigger
mechanical interlocking and high interparticle friction during pow-
der spreading, resulting in higher surface roughness and porosity
[93,156]. However, some researchers [39,55] observed lower aver-
age surface roughness when using recycled powders compared to
the virgin. Moreover, the powder’s internal porosity, including pore
size and volume, was reduced after reuse [39]. The larger pores
were broken into fine porosity because of thermal treatment dur-
ing the reuse process. Interestingly, Heiden et al. [39] also observed
fully melted and solidified 316L SS powder particles having single

Pt Coating

Si0;  MnCr,0,

MnCr,0,

316 L

Fig. 17. TEM cross-section images of virgin and reused powder particles [39].
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